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For whatever a man sows that and that only is what he will reap.
And let us not lose heart and grow weary and faint in acting nobly and doing right, 
for in due time and at the appointed season we shall reap.
Galatians 6:7, 9
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ABSTRACT
There are two prominent problems recurrent during matrix-assisted laser 
desorption/ionization mass spectrometry (MALDI-MS) analysis of oligonucleotides: 
cation adduction and low molecular ion stability. It has been found that the use o f 
organic base solutions of high gas-phase proton affinity, as used previously in 
electrospray ionization mass spectrometry (ESI-MS), can significandy reduce the cation 
adduction problem during MALDI-MS. It is proposed that the organic base solutions 
compete with alkali metal cations for binding to the phosphodiester backbone of the 
oligonucleotide upon transfer into the gas phase. A  comparison of the utility of adding 
an organic base solution, such as imidazole, triethylamine and piperidine, as a co-matrix 
versus the standard addition of cation-exchange resin beads was made. The co-matrices 
studied were found to be more effective than the cation-exchange resin beads at 
reducing cation adducts from samples containing a high level of salt. Evidence of 
improvement in molecular ion stability was seen as well.
The role organic base co-matrices play in reducing oligonucleotide fragmentation 
during MALDI-TOFMS analysis was further investigated. No correlation was found 
between crystallization or solution pH values and the molecular ion stability o f 
oligonucleotides. Instead, a direct correlation between the co-matrix proton affinity and 
the oligonucleotide molecular ion stability is seen. A co-matrix whose proton affinity is 
close to or greater than the proton affinity of the nucleobases can serve as a "proton 
sink". It is proposed that upon laser desorption/ionization, the co-matrix competes with 
the nucleobases o f the oligonucleotide for additional protons from the matrix. When the
XV
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mole fraction of the co-matrix approaches that of the matrix, nearly complete 
elimination o f oligonucleotide fragmentation is seen.
Results showed that sample preparation could greatly affect ion-molecule reactions 
between the matrix and oligonucleotides and consequently, spectral results. An 
extensive study on sample handling was done in which experiments were conducted to 
determine the most effective oligonucleotide purification method available, and to 
examine the effects of matrix additives and alternative matrix solvents.
It was found that Cqg purification tips (ZipTips^^) were most effective for 
purification for of low molecular weight oligonucleotides, while minidialysis was most 
effective for purification of higher molecular weight oligonucleotides. Increased 
resolution was seen with use of matrix additives and alternative matrix solvents.
xvi
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1. MASS SPECTROMETRY 
1.1 Origins o f Mass Spectrometry
Mass spectrometry is an analytical method which not only measures the mass of 
compounds, but can also provide structural information. The term mass spectrometry or 
“mass spectrograph” was coined by Francis W. Aston[l]. The birth of mass 
spectrometry can be dated back to John J. Thomson’s work in 1897, in which he was 
able to mathematically determine the mass-to-charge (jn/z) ratios of compounds by 
sending cathode rays through crossed magnetic and electrostatic fields[l]. Patterns 
from the rays were formed onto a photoplate, and Thomson found that the patterns 
caused by the rays could be varied by altering the fields. The real success of 
Thomson’s work came by obtaining a good vacuum for his instrument. Throughout the 
years, mass spectrometry has evolved in instrumentation and applications with the 
development of ionization sources and mass analyzers. However, the basic essentials, 
as found by Thomson, are still applicable. Altering the fields in the mass analyzer can 
alter the spectral results and a maintaining a good vacuum is necessary. This chapter 
will discuss the principles of mass spectrometry and its components.
1.2 Principles of Mass Spectrometry
There are four basic components found in any mass spectrometer: a sample 
introduction port, an ionization source, a mass analyzer and a detector. A compound is 
first introduced in to the instrument and vaporized under vacuum. The sample may be 
introduced as gas, liquid, or condensed phase depending on what type of ionization 
source is employed. The vaporization/ionization method utilized is dependent upon the 
sample type. The mass spectrometer only detects charged species. Therefore, the 
sample must be introduced as ions prior to insertion or can be ionized as a direct or
l
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indirect result of the vaporization process. Once formed, ions of interest, positively or 
negatively charged, are accelerated towards the mass analyzer. Operating the 
instrument in positive or negative mode allows capability of analysis of the ions of 
desired charge. The mass analyzer separates the ions of interest based on a pkysical 
parameter, such as mass or velocity, using magnetic and/or electrostatic fields. Th_e ions 
are then detected. A mass spectrum showing signal abundance as a function of mass-to- 
charge ratio values is plotted with each peak representing an m/z value inherent to a 
specific ion.
Tandem mass spectrometry (MS/MS or MSn) is type of instrumental arrangement in 
which two or more mass analyzers are arranged in tandem. When MS/MS is referred to 
in experiments, it usually pertains to the analysis of "parent" molecular ions and/ox their 
fragment "daughter" ions. MS/MS is particularly common in analysis of biomolecules 
for establishing sequence information.
1.3 Ionization Sources
1.3.1 Electron Impact
Electron impact (El) developed in the early 1900s was the first ionization source 
created. El requires introduction of the sample as a vapor. A sample vapor a t  low 
pressure is bombarded by an electron beam resulting in positive ions of the sample;. The 
electrons are generated by heating of a tungsten or rhenium ribbon. Source 
temperatures are on the range of 100-150°C. Although high pressures may be used to 
induce fragmentation of the sample, fragmentation is commonplace for E l experiments. 
El is easy to operate and offers no sample contamination. Quantitative measurements 
can be made since the source pressure can be correlated to the ion current produced.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.3.2. Chemical
Chemical ionization (Cl), developed in 1966, is very similar to El in design. Cl, 
however, involves ion-molecule reactions with a sample at low pressure and a reagent 
gas at high pressure. This process requires less energy than El, so unwanted 
fragmentation is reduced. There are four types of ion-molecule reactions that may 
occur during Cl: proton transfer, charge exchange, electrophilic (nucleophilic) addition 
and anion abstraction[2]. Both positive and negative ions of the sample may be formed. 
Reaction equations for all four processes are listed below.
Proton transfer M + BH+ -> MH+ + B
Charge exchange M + X+ -> M+ + X
Electrophilic addition M + X+ -> MX+
Anion abstraction AB + X + -> B+ 4- AX
Proton transfer reactions occur between the sample and the reagent gas, but depend 
greatly on the proton affinity of the reagent gas used. Charge exchange reactions are 
simply reactions in which an electron transfer occurs between the gas and the sample. 
Electrophilic addition may occur in addition to proton transfer reactions, particularly 
when using ammonium as the reagent. Anion abstraction may also occur in addition to 
proton transfer if the proton affinity of the reagent is low. It may also occur if charge 
exchange proceeded as an endothermic reaction.
1.3.3 Secondary Ion and Fast-Atom Bombardment
Secondary ion mass spectrometry (SIMS) and fast atom bombardment (FAB) have 
many similarities. SIMS requires that a sample be mixed with a liquid of low vapor 
pressure, like glycerol, and spotted onto a probe. The sample surface is then bombarded 
with energetic primary ion beams. The use o f glycerol allows for constant
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
replenishment of the sample surface during bombardment. SIMS is commonly used for 
analysis of metals, alloys and semi-conductors. In FAB, the sample and low vapor 
pressure liquid mixture is placed on a metal probe and bombarded with energetic 
neutral particles. Ionization does not occur during FAB, therefore only preformed ions 
are ejected from the sample surface. FAB is well suited for polar and labile compounds 
and is typically used for molecules of less than 5,000 mass units (u) or Daltons (Da).
1.3.4 Plasma Desorption
Plasma desorption mass spectrometry (PDMS) involves an electrosprayed sample
(solution) or a sample adsorbed onto foil that is subject to desorption by 252q-_ Fission 
fragments of ^ 5 2 c f  penetrate through the foil to cause desorption of the sample from 
the foil. Because the energy of the beam particles is greater than that of FAB, higher 
molecular weight compounds, relative to FAB, may be analyzed.
1.3.5 Laser Desorption and Matrix-Assisted Laser Desorption
These two processes are similar in principle in that absorption of energy from a laser 
is required to desorb the sample from a sample plate. Samples in liquid form are 
allowed to dry onto the sample plate forming a crystalline spot. The laser then ablates 
the sample causing desorption from the surface. The energy from the laser is dissipated 
throughout the sample, giving the necessary energy required for desorption. Matrix- 
assisted laser desorption/ionization (MALDI) uses a compound referred to as a matrix 
to absorb the energy of the laser if the sample is non-absorbing at that wavelength 
(Figure 1.1). Transfer of energy from the matrix allows for desorption of the sample. 
The laser used may be in either the ultraviolet (UV), 266 nm (Nd: YAG) or 337 nm (N2),
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Figure 1.1 Representation o f  desorption/ionization in MALDI.
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or infrared (IR) range, 2.94 |im  (Er.YAG). Some lasers used in MALDI are tunable for 
a desired wavelength.
1.3.6 Electrospray
Electrospray ionization (ESI) is somewhat falsely named since, like FAB, ions are 
preformed in solution prior to undergoing the electrospray process. Therefore, polar 
solutions are often used as solvents. The ionized sample solution is passed through a 
needle containing a potential at the tip. Droplets are formed and are attracted towards 
countercharged plates which help to focus the ions into the mass analyzer. As the 
sample exits the needle, it forms a Taylor cone from which droplets containing multiple 
charges are released (Figure 1.2). Evaporation of the droplets occurs until the Rayleigh 
limit is reached and each droplet consists of a single charge. ESI is quantitative since 
concentration of the sample determines the signal intensity.
1.4 Mass Analyzers
1.4.1 Sector
Sector instruments typically contain two components: the magnetic sector and the 
electrostatic sector. Each portion may be used alone, but higher resolution is obtained 
when both types are combined. An instrumental setup as such is called a double- 
focusing instrument. The magnetic sector (B) separates ions based on their momentum. 
Ions travelling perpendicular to the magnetic field will travel along a circular trajectory. 
Focusing of the ions occurs by the ions counteracting the magnetic force
F = qvB 1.1
with a centrifugal force
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Taylor-cone formation formation of charged droplets and ions
Figure 1.2 Schematic of ESI source.
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F = my2 
r
1-2,
where F = force, q = charge, B =  magnetic field strength, m = mass and r = radius. 
Hence, ions o f the same mass and momentum will have the same r. The electrostatic 
sector (E) separates ions based on their kinetic energy. The same principle o f ion 
motion in the magnetic sector applies to the electrostatic sector, except that the 
trajectory is now dependent on kinetic energy and not mass. Arrangement of a double 
focusing sector instrument varies, BE or EB, and may be coupled to another double- 
focusing sector mass analyzer for tandem mass spectrometric (MS/MS) analysis.
1.4.2 Quadrupole
The quadrupole mass analyzer consists o f four parallel rods arranged with a circular 
cross-section. Opposite rods are electrically connected, so two generate a radio 
frequency (rf) while the other two generate a direct current (dc). Ions oscillate within 
the x-y plane based on the electric field generated by the rods. Equations used to 
describe motion in the quadrupole are
where ez = charge, m = mass, r =  radius, g o  = angular frequency, and the two variables 
o f the equations are, U (dc) and V (rf). High values of
1.3 and q=4zeV
mr2rr>2
a = 2U 1.5
q v
8
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the ions from the center of the rods must remain within r. Triple-quadrupoles are three 
quadrupoles arranged in tandem. The center quadrupole is used as a collision cell with 
introduction of a collision gas, and uses rf only[2]. Triple-quadrupole instruments are 
used for MS/MS analysis.
1.4.3 Time-of-Flight
The time-of-flight (TOF) mass analyzer is simply a tube usually about 1.2 m in 
length in which ions are allowed to travel without experiencing an electric or magnetic 




where t = time, m = mass, q =  charge, V = potential and L = length of flight tube. Since 
TOF consists of a field-free region, separation of the ions is based on velocity. TOF 
allows for a high transmission of ions since no slits are used. Reflection TOF (rTOF) 
instruments contain mirrors at the end of the flight tube, which compensate for 
differences in kinetic energy o f  ions of the same m/z (Figure 1.3b). Ions travelling at 
higher velocities penetrate the reflection region more deeply allowing for slower ions to 
catch up prior to arrival at the detector. Compensating for the kinetic energy spread 
decreases the level of peak broadening seen, improving the resolution.
1.4.4 Ion Trap
The ion trap mass analyzer is much similar to the quadrupole in that opposite plates 
of the trap contain either rf o r dc voltage. The difference in use is the dc voltage is 
overlaid with an alternating current (ac) so ions experience a three-dimensional motion.
9



















F ig u re  1.3 R epresentation o f  a) iinear-TOF mass analyzer and b) rTOF 
m ass analyzer.
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The rf is applied perpendicular to ion motion to eject ions from the trap. Varying rf 
determines which masses are ejected from the trap.
Fourier-transform ion cyclotron resonance (FT-ICR) ion traps incorporate the 
principle of magnetic sectors with that of ion traps. The circular trajectory o f ions 
within a magnetic field can be reduced by increasing the intensity of the magnetic field. 
When ions are trapped under this condition, they undergo circular motion. The angular 
velocity is defined as v = v/r = (q/m)B. As with the regular ion traps, if r of the ion 
motion is allowed to be greater than r of the trap, the ions will discharge upon impact 
with the trap walls.
1.5 Detectors
1.5.1 Electron Multipliers
There are two forms of electron multiplier detectors: discrete dynode and 
continuous dynode. The discrete dynode detector consists of several dynodes made of 
beryllium-copper arranged in parallel that are all electrically connected. Once an ion 
hits the first dynode, an electron is emitted and is accelerated by a voltage to the next 
dynode. This process continues for each dynode, with the electron signal being more 
amplified at each successive dynode. The amplified signal is then collected from the 
last dynode into a “cup” in which the signal is converted for the recorder. Continuous 
dynode electron multipliers are tubes made of lead-doped glass. When an ion hits the 
outer wall of the tube, secondary electrons are emitted from the inner walls of the tube 
and the signal is amplified with each subsequent collision with the inner wall. This 
detector is called a continuous dynode because the ends of the tube each have a 
potential, causing the field across the detector to be uniform. Positive ions from the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
mass analyzer emit negative ions or electrons in the detector, while negative ions from 
the mass analyzer emits positive ions in the detector.
1.5.2 Photon Multipliers
Photon multiplier detectors are very similar to electron detectors in that secondary 
charges are emitted from the dynodes. These detectors are comprised of two conversion 
dynodes, a phophorescent screen and a photomultiplier. Photon multipliers can detect 
positive or negative ions with the ions from the mass analyzer being attracted to die 
oppositely charged dynode. From the dynode, the charges are accelerated toward the 
phosphorescent screen and into the photomultiplier.
1.5.3 Array
An array detector consists of a plate with cylindrical channels arranged in parrallel 
on the plate. The top of the channels contains a semi-conductor surface for electron 
amplification. A single plate may be used, or the several plates may be arranged in 
tandem for increased detection. Array detectors allow for simultaneous detection of a 
mass range of ions.
1.5.4 FT-ICR
FT-ICR mass analyzers are also used as detectors. The ion packet undergoes a 
frequency sweep which causes the motion of the ions inducing a detectable signal. The 
signal is detected as a function of time and is subject to fast Fourier-transform to 
convert the signal into frequency.
1.6 Mass Accuracy
Mass accuracy is of essential importance in mass spectrometric analysis. The level 
of mass accuracy measurements will be dependent on the resolution capabilities of the 
mass analyzer used. Double focusing sector instruments have higher mass accuracy
12
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than TOF instruments, but ultrahigh mass accuracy can be achieved using FT-ICR traps 
rather than the magnetic sector instruments. Changes in mass can change the resolution 
power o f some mass analyzers. Increased improvement o f mass analyzers has 
accompanied the improved capabilities o f  the ionization sources, extending the 
information that could be obtained. The resolution o f an instrument may be calculated 
using the equation Mi/AM. This equation is used when the separation between two 
adjacent peaks is one-tenth o f the height o f  the first peak (Mi). Typical resolving 
powers for some mass analyzers are 1 0 ^ for TOF instruments, 10^ for magnetic sector
instruments, and anywhere from lO^-lO^ for FTICR.
The use o f calibrants can help ensure the mass accuracy o f the instrument. 
Calibrants are reference compounds that are similar in structure and mass to the sample 
o f interest and are run under the same instrumental conditions. Multiple calibrants may 
be used to bracket the mass o f analyte o f interest. Internal calibrants are sometimes 
used, and can improve the level o f mass accuracy o f the instrument, as well as provide 
some quantitative measurement.
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2. MASS SPECTROMETRY OF NUCLEIC ACIDS
2.1 Introduction
There is little limitation to the type of compound that can be analyzed on the mass 
spectrometer. Mass spectra can be obtained from polar or nonpolarorganic, inorganic, 
and biomolecular compounds. Mass spectrometry is a unique and powerful tool for 
characterizing biomolecular compounds. It can provide fast analysis of biomolecules 
that yields high sensitivity, high mass accuracy, and importantly, structural information. 
The analysis of nucleic acids and nucleotides using mass spectrometry is now feasible 
with the development of new types of ionization sources. Common ionization sources 
used in mass spectrometry for nucleic acid and oligonucleotide analysis are fast-atom 
bombardment (FAB), electrospray (ESI) and matrix-assisted laser desorption/ionization 
(MALDI). These ionization sources are referred to as soft ionization techniques. Soft 
ionization simply allows the molecular ion to remain intact during analysis. Mass 
analyzers used with these ionization sources include magnetic sector instruments 
(FAB), Fourier transform ion cyclotron resonance ion traps (MALDI, ESI), quadrupole 
(FAB, ESI), quadrupole ion traps (FAB, MALDI, ESI) and time-of-flight (MALDI, 
ESI).
2.2 Structure and Nomenclature
Nucleic acids are linear polymers composed of repeat units that contain a 
heterocyclic nucleobase, a furanose sugar, and a phosphate group. The sugar 
components of nucleic acids are D-ribose for ribonucleic acid (RNA) and deoxyribose 
for DNA. Although the RNA and DNA sugars only differ by a hydroxyl group at the 
2’-position, this difference is responsible for the different behavior of DNA and RNA.
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The 2’-hydroxyl group is chemically reactive, thus RNA is more susceptible to 
chemical and enzymatic degradation. When the base is attached to the ribose sugar via 
a B-glycosyl linkage, the resulting structure is called a nucleoside.
The phosphate group consists of a phosphoric acid ester which may be attached to 
any of the hydroxyl groups on the sugar. Commonly, attachment occurs at the 5 ’- or 3’- 
position. The resulting structure is referred to as a nucleotide (Figure 2.1). The 5’- 
phosphate can be further phosphorylated to yield di- and tri-phosphates, for example: 
adenosine triphosphate (ATP), known for its importance for energy transfer in cells.
The four heterocyclic bases are derivatives of purine and pyrimidine shown in 
Figure 2.2. The pyrimidine bases include cytosine (C), which is found in DNA and 
RNA; thymine (T), which is only found in DNA; and uracil (U), which is only found in 
RNA. The purine bases include adenine (A) and guanine (G), both found in DNA and 
RNA. There are some minor bases that occur naturally, such as 5-methylcytosine and
N^-methyladenine, but they may only comprise less than 5% of a nucleic acid.
There are two types of shorthand notation used to represent oligonucleotides. Both 
are demonstrated in Figure 2.3. The first is a line notation (Figure 2.3a). The vertical 
lines denote the carbon chain of the sugar with the base attached at the top to C - l \  The 
diagonal lines indicate the 5’ and 3’ phosphate linkage. The second type of notation 
(Figure 2.3b) simply gives the sequence of the oligonucleotide using the one letter 
notation symbol, and corresponding phosphate groups denoted as “p”. If the phosphate 
is on C -3 \ the “p” is written to the right of the symbol (i.e. Cp). If the “p” is on C -5 \ 
the “p” is written to the left of the symbol (i.e. pG). If one wants to distinguish 
between deoxy- or ribose, a “d” is used to denote the deoxy (i.e. dp A).

































Figure 2.2 Structures o f the nucleobases: a) the 
pyrimidines and b) the purines.
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Figure 2.3 Shorthand notation o f oligonucleotides, a) Line notation 
and b) one-letter notation.
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2.3 Fragmentation
Though soft ionization techniques are commonly used with nucleic acid and 
nucleotide samples, some ion dissociation tends to occur. A soft ionization technique 
simply allows generation of intact molecules. Identification o f nucleotide fragments 
can be done with knowledge o f their fragmentation pattern. Loss of base on the 
nucleotide is dependent on its gas-phase proton affinity. The individual bases in order 
o f increasing proton affinity value follow: T<C<G<A. A complete list o f  proton 
affinity values for nucleotides is given in Table 2.1 [1].
Table 2.1 Proton affinity values o f the nucleotides.
A G C T/U
5'-deoxy 236.7+/-0.30 236.5+/-1.11 235.1+/-0.05 227.9+/-0.95
3'-deoxy 237.5-F/-6.75 237.9+/-1.01 235.4+/-0.50 226.5+/-0.37
5'-ribo 237.2+/-0.40 236.8+/-0.54 235.0+/-0.08 226.4+/-0.08
3'-ribo 236.1+/-0.25 236.6-t7-0.72 235.2+/-0.13 227.6+/-0.08
Protonation o f adenosine, guanine and cytosine nucleotides is more favorable than for 
thymine or uracil nucleotides. Protonation o f the base can result in cleavage o f  the N- 
glycosidic bond, causing base loss. Subsequent cleavage may occur along the 
phosphodiester backbone. Figure 2.4 illustrates the possible fragments. B l, B2, and B3 
indicates a base and its sequence location counting from the 5’-end. Labeling o f  the 
oligonucleotide fragments depends on where the charge is located. Fragments from the 
5’-end are labeled a, b, c, and d, respectively, while fragments from the 3’-end are 
labeled as w, x, y, and z [2,3].
Intentional fragmentation of oligonucleotides may be caused by several methods 
including nozzle-skimmer dissociation (NS), photodissociation, and collision-induced
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Figure 2.4 Labeling o f oligonucleotide fragments.
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dissociation (CID). Fragmentation occurs within the ionization source or within the 
mass analyzer. Most induced fragmentation methods involve the use of a target gas. 
The target gas of choice is usually helium for high energy collisions, but may be a 
heavier neutral atom, as argon, for low energy collisions. High or low energy collisions 
will determine the extent of fragmentation. Intentional fragmentation is useful when the 
experiments sequence of oligonucleotides is desired.
Nozzle-skimmer (NS) dissociation occurs in the ion source of ESI instruments. It 
involves the collision of the sample ions with neutral gas molecules under high 
pressure. NS dissociation is mosdy used on high molecular weight oligonucleotides. 
Fragments obtained from NS are similar to those obtained using collision-induced 
dissociation (CID) [4]. Mass analysis using FT-ICR allows for collision of the ions 
within the trap. Collision may be induced by introduction of a target gas to react with 
the excited ions within the trap, or irradiation of the ions with an IR or UV laser, as with 
photodissociation. Photodissociation occurs at low pressure and requires the sample to 
contain a chromophore that absorbs at the wavelength o f the laser used. Ion traps 
extend the lifetime of the ions, allowing for low pressure collision to take place. CID is 
the most commonly used method of dissociation for oligonucleotides. CID is usually 
performed when using double focusing sector instruments. The principle is similar to 
the other methods mentioned in that the sample ions are reacted with target gas 
molecules to induce dissociation. High or low energy CID experiments can be done, 
depending on the degree of fragmentation desired.
The presence of metastable ions is not uncommon for oligonucleotide analysis, 
particularly when using a TOF mass analyzer. Metastable ions are a form of 
fragmentation, but occurs between the ionization source and the mass analyzer.
21
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Metastable ions are not detected in a linear-TOF but can be resolved using an rTOF 




Oligonucleotide samples used in FAB must be soluble in a liquid matrix and are 
spotted onto a probe tip. As previously mentioned in Chapter 1, matrices selected are 
liquids with low vapor pressure due to the vacuum system of the instrument. Examples 
of matrices used in FAB are glycerol and an equal volume mixture of dithioerythritol 
and dithiothreitol, more commonly known as “magic bullet”. One role of the matrix in 
FAB is to absorb the energy of the primary beam. It is then dissipated throughout the 
surface of the sample spot. The energy absorbed is then transferred to the sample 
molecules allowing its desorption from the surface as ions or molecules. A second role 
of the matrix is to provide replenishment of the sample spot surface, making FAB a 
continuous ionization source. This permits fresh sample to be kept at the surface for 
better desorption. The oligonucleotide samples are prepared concentrated and spotted 
on the probe tip combined with neat matrices prior to instrument insertion. FAB is 
more tolerable to the presence of salt cations on oligonucleotides than the other soft 
ionization techniques.
2.4.2 ESI
ESI samples are not normally dissolved in water, yet it is necessary for solvation of 
oligonucleotides. Therefore mixtures of isopropanol and water can be used as solvents 
for ESI analysis. Additives such as trans-l,2-diaminocyclohexane-N,N,N’,N \- 
tetraacetic acid (CDTA) and triethylamine are also added to the sample solutions to help
22
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alleviate the interference of alkali salt ions from the spectra [5]. Oligonucleotide 
sample concentrations for ESI experiments are prepared at the nanomolar and 
picomolar ranges. The primary advantage of ESI is the production of multiply-charged 
ions. This increases the mass range of the oligonucleotides that can be analyzed. A 
sample of mass 600 and 1 charge would produce a  single peak at 601 or 599 m/z, 
whereas with ESI, a sample of mass 6000 with 10 charges would also produce a peak at 
6010/10 or 5990/10 m/z, in addition to a peak for each o f the other charges (-9, -8 , -7, 
etc.). The disadvantage to ESI is the possible peak overlap caused by mixtures in which 
multiple components may contain peaks with the same or similar m/z.
2.4.3 MALDI
Oligonucleotide samples are dissolved in a liquid matrix, spotted onto a sample 
plate, and allowed to air dry. The sample plate is then introduced into the mass 
spectrometer. The laser irradiates the sample crystalline spot where, again as with FAB, 
desorption occurs as the energy absorbed by the matrix is transferred to the sample. 
Matrices used in MALDI must absorb at the wavelength of the laser used. Common 
matrices include 2,4,6-trihydroxyacetophenone (THAP) [6 ] and 3-hydroxypicolinic acid 
(3-HPA) [7] for UV studies, while IR studies may use such matrices as glycerol and 
urea[8 ]. Matrices are often prepared as saturated solutions in water or water-organic 
mixtures. Sample solutions for MALDI can be prepared on the nanomole or picomole 
scale. Oligonucleotides up to about 100,000 Da in mass can be ionized using MALDI. 
Sample spots are normally prepared at 10,000:1 matrix-to-analyte mole ratios. MALDI 
spectra may contain salt adducts that form “shoulders” off the peaks, or more 
commonly seen with high mass oligonucleotides, shift the mass window to higher 
values. Multiply charged ions may also be seen using MALDI.
23
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3. LITERATURE OVERVIEW
3.1 Cation Adduction
Mass spectrometry has long played a role in the structural characterization of 
nucleic acid constituents and related compounds[l]. The recent development of soft 
ionization techniques, particularly matrix-assisted laser desorption/ionization 
(MALDI)[2] and electrospray ionization (ESI)[3,4], now permits the routine generation 
of intact molecular ions from oligonucleotides and nucleic acids. Ttiese two significant 
discoveries are responsible for the recent advances in the characterization of 
oligonucleotides by mass spectrometry (MS)[5].
The strengths of MALDI-MS analysis of oligonucleotides are its  speed, simplicity 
and ability to characterize complex mixtures. Recent improvements in MALDI-MS 
have extended the upper mass range, detection limits and mass accuracy of 
oligonucleotide analysis [6 , 7, 8 ]. However there are still two substantial experimental 
barriers to the routine analysis of oligonucleotides by MALDI-MS: the cation adduction 
problem and molecular ion instability.
The cation adduction problem arises from the polyanionic character of 
oligonucleotides. The phosphodiester backbone of oligonucleotides in solution is 
negatively charged (pKa ~ 1) and has a high affinity for free cations that may be present 
in the solution. The negatively charged backbone is solvated completely in solution, 
reducing Coulombic interactions from the net negative charge of - 1  at each nucleotide 
residue. Upon transfer into the gas phase, this Coulombic shielding is removed and, to 
reduce the Coulombic strain, cations are sequestered by the oligonucleotide. This 
neutralization of the negative charge improves ion production by reducing the polarity 
o f the oligonucleotide backbone.
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Samples of oligonucleotides and nucleic acids often contain numerous metal cations 
and other contaminants. Alkali metal cations, such as Na+ and K+, are of particular 
concern as they may be present in either the biological system from which the sample 
was isolated, a component o f a buffer solution used to prepare the sample for analysis, 
or they will arise as natural contaminants in the glassware and other equipment used 
during the handling and storage of such samples. Accurate characterization of 
oligonucleotides and nucleic acids by modem mass spectrometry methods requires that 
such impurities be reduced to as low of levels as possible. In particular, MALDI-MS 
and ESI-MS have been shown to be extremely sensitive to the presence of metal 
contaminants during the analysis o f oligonucleotides [5, 9-12]. If the sequestered 
cations are nonvolatile, such as the alkali metals, this process results in a broadly 
defined peak whose width and complexity reflect the degree of adduction. Cation 
adducts not only suppress ion abundance, but they also shift the molecular ion envelope 
to higher mass values reducing mass measurement accuracy.
Various desalting techniques focused on sample preparation have been utilized to 
reduce this cation adduction problem. Typically, low molecular weight 
oligonucleotides contaminated with metal cations exhibit adduct peaks in the mass 
spectrum, e.g. (M -  2H + Na)—, in addition to the parent molecular ion peak, (M — H)—. 
Salt adducts for higher molecular weight oligonucleotides and nucleic acids often 
cannot be resolved from the unadducted parent molecular ion resulting in a shift in the 
average mass of the ion to higher m/z values. In addition, the presence of metal cations 
serves to reduce the sensitivity of the mass spectral measurement as the ion current due 
to the analyte is divided into multiple m/z channels (typically one m/z value per adduct). 
As a result, the usefulness of subsequent molecular weight determinations is predicated
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on the ability to effectively reduce the presence of salt contaminants to levels which do 
not interfere with the mass spectral analysis.
A wide variety of sample desalting methods have been demonstrated for ESI- and 
MALDI-MS analysis of oligonucleotides. Methods common to both approaches 
include precipitation of the oligonucleotide as its ammonium salt from ethanol[13, 14]. 
This technique involves the precipitation of oligonucleotides with ammonium 
acetate[13, 14]. This precipitation process effectively converts the oligonucleotide to its 
ammonium salt. Ammonium salts are the preferred form for oligonucleotides due to the 
volatility of the ammonium group during the desorption/ionization process[13, 15]. 
However, the effectiveness of ammonium acetate precipitation is limited to larger 
oligonucleotides or nucleic acids and this procedure is usually unsuccessful at 
completely exchanging volatile ammonium for the nonvolatile alkali metals. With ESI- 
MS, ammonium acetate precipitation followed by the addition of solvent additives, such 
as triethylamine or imidazole, has proven to be a particularly effective approach to 
reducing cation adducts[16, 17].
Using ESI, several groups have demonstrated that the addition of organic bases with 
high proton affinities [14, 16, 18], or chelating agents specific for particular metal 
ions[14], could be used to effectively remove nonvolatile cation adducts. Griffey and 
coworkers investigated the use of both strong and weak organic bases for reduction of 
cation adducts [16]. A series of organic bases were studied and these investigators 
found that stronger bases, while effective at reducing cation adduction, also tended to 
result in a decrease in ion abundance. Weaker bases, although less effective at removal 
of cations from the resulting mass spectrum, tended to increase the ion abundance. On 
the basis of these results, they proposed the use of a combination of organic bases, one
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strong (e.g., triethylamine), the other a weaker base (e.g., imidazole), to simultaneously 
reduce cation adduction and improve ion abundance. More recently, microdialysis has 
been shown to be useful for the removal of salt adducts from higher molecular weight 
oligonucleotides including those obtained via the polymerase chain reaction (PCR)[19- 
22].
The general strategy used in MALDI-MS for the reduction of cation adducts is the 
addition of cation exchange resin beads to the sample solution[15, 19]. Ammonium- 
activated cation-exchange resin beads can be added to the sample/matrix mixture prior 
to spotting on the MALDI sample plate or can be added to the spotted mixture prior to 
crystallization[15]. The resin beads simply exchange hydronium or ammonium ions for 
the natural salts of oligonucleotides. This method is extremely effective for the analysis 
of smaller oligonucleotides and greatly reduces the presence of cation adducts from 
larger oligonucleotides. Incorporation of ammonium salts as co-matrices in MALDI for 
efficient alkali cation suppression has been reported and ammonium salts are now a 
standard component of oligonucleotide matrix preparations [23, 24]. Pieles et al. 
showed that the addition of diammonium hydrogen citrate to a trihydroxyacetophenone 
matrix was an effective combination for reducing cation adducts and improving ion 
production[23]. Currie and Yates investigated the use of ammonium salts at pH 7 as co- 
matrices[24]. As noted in their work, only those co-matrix additives that can co- 
crystallize with the oligonucleotide/matrix sample solution are effective at improving 
ion production. They also noted that the addition of ammonium salts improves the gas- 
phase stability of these laser desorbed ions by reducing fragmentation. Recently, Chen 
and coworkers have found that ammonium salts may be important in the ionization 
process as well as reducing cation adduct formation [25]. Chen and Chang also
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investigated ammonium halide salts and drew the conclusion that the anionic and 
cationic portions of the salt each play an important role in the desorption/ionization 
process [25].
The addition of organic base solutions, as used previously in ESI-MS, as co­
matrices in MALDI-MS [26-28] has also been shown to reduce cation adduction.
Several other approaches to sample purification may be performed prior to MALDI- 
MS, although most o f these studies aimed to eliminate contaminants present in addition 
to metal cations (e.g., dNTPs present from polymerase chain extension reactions).
These additional approaches include spin columns [28] and molecular weight cut-off 
(MWCO) membranes[29, 30]. High performance liquid chromatography (HPLC) may 
also be used as a purification method[31-35]. Salts and other small contaminants are 
usually eluted first while the oligonucleotide elutes later due to its interaction with the 
stationary phase. Both reverse-phase and anion-exchange columns may be used.
3.2 Ion Stability
The second barrier of MALDI-MS analysis of oligonucleotides arises from 
unwanted fragmentation of the parent molecular ion. Fragmentation may be induced as 
a result of excess energy imparted to the oligonucleotide. There are four fragmentation 
processes related to desorption/ionization which occur during MALDI-TOFMS on 
varying time scales: prompt, fast, fast metastable and metastable[30]. Prompt 
fragmentation of the molecular ions occurs within the time scale of the desorption 
process. Fast fragmentation occurs after desorption and prior to acceleration of the 
ions. Fast metastable decay occurs within the time of acceleration, while metastable 
decay occurs after acceleration, in the field free region. Most forms of fragmentation 
directly result in the broadening of the molecular ion peak accompanied by loss in peak
29
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resolution and sensitivity. Understanding and remedying the underlying causes of 
oligonucleotide fragmentation can lead to improvements in the MALDI-MS technique. 
Expanding on an earlier study of Nordhoff et al.[36], Smith and coworkers have 
demonstrated that protonation of the nucleobase by the matrix results in cleavage of the 
iV-glycosidic bond leading to loss of the base and formation of a carbocation at the 1' 
position of the sugar[37, 38, 41]. Subsequent cleavages can then occur along the 
phosphodiester backbone. Unwanted fragmentation decreases the parent molecular ion 
abundance and can lead to difficulties in identifying the oligonucleotide o f interest.
To date, research aimed at remedying the oligonucleotide ion stability problem has 
revolved around modifications to the oligonucleotide structure[9, 39-41]. Nucleobase 
modifications include the replacement o f a ring nitrogen with carbon in adenine or 
guanine[39, 40]. These 7-deaza purines were found to be more stable upon laser 
desorption/ionization, an effect attributed to the loss of the most favored site of
protonation on the purine base. Sugar modifications, such as 2'-fluoro or 2'-hydroxy
substitutions have been shown to increase oligonucleotide molecular ion stability[9,41]. 
In that case, the improvement in oligonucleotide stability arises from destabilizing the 
carbocation intermediate thereby increasing the barrier to base Ioss[41].
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4. THE USE OF A CO-MATRIX FOR IMPROVED MATRIX-ASSISTED 
LASER DESORPTION/IONIZATION MASS SPECTROMETRY 
(MALDI-MS) ANALYSIS OF OLIGONUCLEOTIDES
4.1 Introduction
The goal of the work presented in this chapter is to utilize and study the effects of 
organic base solutions, normally used in ESI-MS, as a means of reducing cation adduct 
formation in MALDI-MS. Organic base solutions, such as piperidine, triethylamine and 
imidazole, used as a desalting method in ESI experiments were selected for application 
to MALDI-MS analysis o f oligonucleotides. Triethylamine and imidazole were found 
to be the most effective organic base co-matrices. A comparison of the use of these 
organic co-matrices to the use of cation exchange resin beads shows an improvement in 
reducing cation adduction, and shows an improvement in molecular ion stability for 
larger oligoribonucleotides. The use of organic base solutions as co-matrices is a 
versatile approach to reducing or eliminating adducts, especially from extremely "salty" 
samples. An additional benefit of the organic base co-matrix approach was the reduced 
fragmentation seen during the analysis of larger oligonucleotides.
4.2 Experimental
4.2.1 Oligonucleotide Preparation
The oligonucleotides, d(pA ) 5  and d(pT)6 , were purchased from Sigma (St. Louis, 
MO). d(pA ) 5  was purchased as the ammonium salt and d(pT)g was purchased as the 
sodium salt. These oligonucleotides were dissolved in deionized water to a stock 
concentration of 10 nmol/pL. The oligoribonucleotide 27-mer
((p)pGGACGUAGAGGGGCAACCUGGACGUUC) was a gift to this laboratory from 
the laboratory of Dr. Kathleen Morden (Louisiana State University). The
33
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oligoribonucleotide was precipitated from 2.5 M ammonium acetate following the 
previously described procedure[l]. After precipitation, the oligoribonucleotide was 
dissolved in deionized water to a stock concentration o f 250 pmol/[xL.
6-aza-2-thiothymine (ATT), diammonium hydrogen citrate, 2’,4 \6 ’- 
trihydroxyacetophenone (THAP), 3-hydroxypicolinic acid (3-HPA), and picolinic acid 
(PA) were purchased from Aldrich (Milwaukee, WI) The ATT matrix consisted of a 
1:1 (v:v) ratio of a 70 mM solution of ATT in acetonitrile and 20 mM diammonium 
hydrogen citrate in deionized water. The THAP matrix consisted of a 2:1 (v:v) mixture 
of 500 mM solution of THAP in ethanol and 100 mM diammonium hydrogen citrate in 
deionized water. The 3-HPA matrix consisted of a 8:1:1 (v:v:v) ratio of 360 mM 3- 
HPA, 410 mM PA, and 220 mM diammonium hydrogen citrate solutions in deionized 
water.
4.2.2 Desalting of Organic Base Solutions
Imidazole and piperidine were purchased from Sigma, and triethylamine was 
purchased from Fisher Scientific (Fair Lawn, NJ). Imidazole was dissolved in 
deionized water to a concentration of 290 mM. The imidazole solution and neat 
solutions of piperidine and triethylamine were found to contain an extremely high salt 
content that interfered with subsequent MALDI experiments. AG 501-X8(d) resin 
beads purchased from Bio-Rad (Hercules, CA) were used to desalt the concentrated 
organic bases. Approximately 5 g of resin beads was added to 100 mL of the organic 
base solutions and the mixture was stirred for 1 hour. The base solutions were then 
separated from the resin beads and diluted in deionized water to a stock concentration of 
290 mM.
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4.2.3 Mass Spectrometry
A PerSeptive Biosystems Inc. (Framingham, MA) Voyager linear MALDI-TOF 
instrument with a nitrogen laser was used for all analyses. Approximately 1 pL of a 
solution containing a 3:1 (v:v) ratio of matrix to analyte or a 3:3:1 (v:v:v) ratio of 
matrix:base:analyte was spotted on the MALDI sample plate and allowed to air dry 
prior to insertion into the mass spectrometer. AG 50W-X8 cation exchange resin beads 
were purchased from Bio-Rad. The cation exchange resin beads were activated with 
saturated ammonium acetate. When required, the resin beads were added to the 
prepared samples prior to spotting on the MALDI sample plate. Instrument operation 
was performed in negative ion mode. The instrument was calibrated using d(pT)5 , 
d(pA) 5  and d(Tp)fg. Each mass spectrum is an average of 10—50 laser shots.
4.3 Results and Discussion
4.3.1 Removal of Cation Adducts from Small Oligonucleotides
The multiple anionic sites along the backbone of an oligonucleotide have a high 
affinity for any cations present in the original sample. Ammonium salts of 
oligonucleotides are typically the preferred salt form for MALDI-MS because the 
ammonium group is volatile enough to evaporate during the desorption/ionization event 
yielding an unadducted molecular ion[2 ].
To establish whether the addition of an organic base as a co-matrix may adversely 
affect MALDI analysis of oligonucleotides, the ammonium salt of d(pA) 5  was 
characterized. The MALDI-TOF mass spectrum of d(pA ) 5  in THAP is shown in Figure 
4.1a. As expected, an intense molecular ion signal is obtained with little adduction. A 
low abundance cation adduct peak can be seen at m/z 1620 probably corresponding to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




1580 1620 16401540 1560 1600
m/z
Figure 4.1. MALDI-TOF mass spectra of an ammonium salt of d(pA)5 in a THAP 
matrix, a) No salt reduction employed, b) Addition of cation-exchange resin beads 
to the sample solution, c) Addition of imidazole as a co-matrix to the sample 
solution. Addition of the imidazole co-matrix yields mass spectral data similar to 
the addition of cation-exchange resin beads. Rapid Commun. Mass Spectrom., 11 
(1997)567.
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adventitious K+ ions from the sample plate. Analysis o f d(pA ) 5  using the conventional 
cation exchange resin bead approach is shown in Figure 4.1b. An intense molecular ion 
signal is again present with no cation adducts evident in the mass spectrum. The same 
oligonucleotide was then analyzed by first adding imidazole to the matrix and 
oligonucleotide solution before spotting on the MALDI sample plate. As seen in Figure 
4.1c, an intense molecular ion signal is present and no cation adducts can be detected. 
These results demonstrate that the addition of a co-matrix does not adversely affect the 
oligonucleotide ion abundance, and the co-matrix is effective at reducing adventitious 
cation adducts from the resulting mass spectrum.
To determine whether organic bases would be effective at reducing cation adduction 
from oligonucleotides that contain a large amount of salt, we chose to analyze the 
sodium salt of d(pT)6 . As shown in Figure 4.2a, without employing any prior cation 
reduction techniques, the MALDI-TOFMS analysis of this oligonucleotide results in a 
series of peaks. The molecular ion abundance is reduced and ion current is distributed 
among several sodium adduct peaks. This multiplicity o f peaks reduces the sensitivity 
of the measurement and clearly complicates the characterization of this 
oligodeoxynucleotide. The standard cation reduction treatment of adding cation 
exchange resin beads to the sample greatly reduces the salt adduction in this 
oligonucleotide. As evident in Figure 4.2b, fewer sodium adducts are present and the 
molecular ion abundance is increased by such treatment. However, even the addition of 
these resin beads does not result in the complete removal of sodium adducts in this mass
spectrum. An abundant (M—3H+2Na)-  ion is still evident in the mass spectrum, and 
there is a higher background present at the higher mass range (jn/z 1900 -  1940).
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Figure 4.2. MALDI-TOF mass spectra of a sodium salt of d(pT)6  in a THAP matrix, a) 
No salt reduction employed, b) Addition of cation-exchange resin beads to the sample 
solution, c) Addition of imidazole as a co-matrix to the sample solution. The addition of 
imidazole is more effective at reducing cation adducts than is the use of cation-exchange 
resin beads. Addition of a co-matrix also increases the molecular ion abundance relative 
to the addition of cation-exchange resin beads. Rapid Common. Mass Spectrom. 11 
(1997) 567.
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The addition of imidazole as a co-matrix yields a dramatic improvement in the 
resulting mass spectrum. Although a small signal corresponding too the (M-2H+Na)— 
ion is present and the background level is elevated from m/z 1880 -  1920, clearly the 
addition of an organic base as a co-matrix can effectively eliminate th e  cation adduction 
problem from even extremely salty samples. The molecular ion abuindance is 20 times 
greater than that in Figure 4.2a and 5 times greater than that in IFigure 4.2b. Thus, 
addition of organic base co-matrices of high proton affinity is a sim ple  and powerful 
technique for improving the quality of mass spectral results for the= characterization of 
oligonucleotides.
The data presented in Figures 4.1c and 4.2c were obtained unsing THAP as the 
matrix and imidazole as the co-matrix. We also investigated a seriess o f other matrix/co­
matrix combinations to determine their effectiveness at salt reduction. The addition of 
piperidine as a co-matrix to d(pA ) 5  with either ATT or 3-HPA as rruatrices resulted in a 
dramatic reduction in the overall ion signal. Piperidine was also com pletely ineffective 
at the removal of sodium adducts from a sample of d(pT)6 - Trierthylamine could be 
used to eliminate the sodium adducts of the d(pT) 6  sample when u se d  with ATT. The 
analysis of d(pT) 6  with 3-HPA as a matrix and triethylamine as a co-matrix was less 
effective.
These preliminary results suggest that various matrix/co-matrix . combinations must 
be investigated further before any generalization on the applicability of one particular 
co-matrix for reduction of cation adduction can be made. As th e  pH of the sample 
solution may affect the resulting ion yield[3,4], investigation of the efficiency of cation 
removal at different solution pH is discussed in Chapter 5. ImidazoDe and triethylamine 
appear to be suitable candidates for use as co-matrices although they have different
39
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proton affinities. Imidazole is a weaker gas-phase base than is triethylamine (proton 
affinity imidazole: 223.5[5], proton affinity of triethylamine: 232.3[6]), and 
investigations into the significance of the proton affinity of the co-matrix are presented 
in Chapters 5 and 6 .
Experiments using combinations of organic bases (i.e., triethylamine and imidazole) 
as co-matrices were done. In ESI studies, Greig and Griffey were able to use organic 
base combinations to effectively desalt the oligonucleotide without significant loss of 
signal intensity[7]. When this method was applied to MALDI experiments, adverse 
effects were seen in the spectra. Good crystal formation can be essential to obtaining 
good mass spectra. Samples in which good crystals were formed gave higher intensity 
signal than those without. The use of two organic base solutions inhibits adequate 
crystal formation of the sample thereby reducing the quality of the spectra obtained.
4.3.2 Effects of Co-matrices on Desalting of Larger Oligonucleotides
Buoyed by the success o f removing cation adducts from the smaller d(pA) 5  and 
d(pT ) 6  oligonucleotides, the effectiveness of this technique when applied to larger 
oligonucleotides was investigated. MALDI-MS analysis of larger oligonucleotides 
presents several challenges. At higher masses where sodium adduct peaks are not 
resolvable from the molecular ion, the cation adduction problem can become severe 
enough that the molecular peak centroid shifts to higher m/z values limiting the utility of 
molecular weight measurements. As the mass of the oligonucleotide increases, the 
tendency of oligonucleotide ions to fragment increases limiting the sensitivity and 
utility of mass spectrometric identification[8-10]. Each of these problems must be 
overcome to improve the analytical utility of MALDI-MS analysis of larger 
oligonucleotides.
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An enzymatically prepared oligoribonucleotide 27-mer (Mr 8846 u) was chosen for 
these investigations. The sample was obtained in a sodium phosphate buffer, and initial 
attempts at obtaining a mass spectrum of this sample without any sample pretreatment 
were unsuccessful. This sample was then precipitated from a 2.5 M ammonium acetate 
solution to reduce the presumed high salt content. As shown in Figure 4.3a, a single 
peak at m/z 9,010 was detected. Analysis of this oligoribonucleotide using the standard 
cation exchange resin bead protocol resulted in two ions, the lower mass ion detected at 
the calculated molecular weight o f this sample (Figure 4.3b). The mass difference 
between the two ions corresponds to an additional phosphate group (PO3 H 80 u). The 
presence of this additional phosphate group was not surprising given that this enzyme 
was prepared enzymatically using T7 RNA polymerase which initiates polymerase of 
dNTPs from the 5'-terminus of the growing oligoribonucleotide chain.
Similar to the results for the smaller oligonucleotides, the addition of a co-matrix to 
the sample solution significantly improved the mass spectral results (Figure 4.3c). As 
with the addition of resin beads, addition of triethylamine as a co-matrix results in two 
clearly resolved ions. The co-matrix appears to improve the resolution of these two 
ions even though the ion abundances were similar in the two spectra (both spectra were 
acquired at the same number of scans). Interestingly, the addition of triethylamine 
appears to reduce fragmentation o f both ion species. This reduced fragmentation is 
investigated further in Chapter 5 and 6 . resin beads used in Figure 4.3b were the 
ammonium salt form which could account for the metastable dissociation of the 
oligoribonucleotides. In contrast, the addition of triethylamine may serve to compete 
with the phosphodiester backbone and nucleic acid bases for free cations (e.g., protons 
or alkali metal salts) thus reducing the probability that base protonation occurs. Clearly,
41
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Figure 4.3. MALDI-TOF mass spectra o f two oligoribonucleotide 27-mers, 
5'-(p)pGGACGUAGAGGGGCAACCUGG A CG U U C-3M l 8846.3 u and 
M2  8926.3 u in ATT matrix, a) No salt reduction employed, b) Addition of 
cation-exchange resin beads (red trace) and addition o f triethylamine co-matrix 
to the sample solution (blue trace). Addition of the triethylamine co-matrix 
improves the resolution measurement and reduces the metastable decomposition 
o f the oligoribonucleotide. The molecular ions detected differ by an additional 
5'-terminal phosphate group present from the procedure for enzymatically 
synthesizing this oligoribonucleotide. Rapid Commun. Mass Spectrom., 11 
(1997) 567.
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more investigations into the role of co-matrices for reducing metastable decomposition 
of larger oligonucleotides are warranted. Although the mechanism for this improved 
ion stability is currently unknown, it is obvious from a comparison of the data that the 
addition of a co-matrix to oligonucleotides serves two useful purposes. The co-matrix 
can reduce the cation adduction problem permitting accurate mass measurements of 
oligonucleotides, and the co-matrix appears to stabilize the gas-phase ion.
4.4 Conclusion
The use of organic bases is an experimentally straightforward and effective method 
for improving MALDI-MS analysis of oligonucleotides. These bases, used as co- 
matrices, reduce cation adduction to negligible levels, even when the sample is initially 
in a high salt solution. For larger oligonucleotides, these co-matrices also improve the 
gas-phase ion stability. This approach is shown to be more effective than the use of 
cation-exchange resin beads, not only at reducing cation adduct formation, but also at 
improving resolution, mass accuracy and ion stability.
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5. THE INFLUENCE OF CO-MATRIX PROTON AFFINITY ON
OLIGONUCLEOTIDE ION STABILITY IN MATRIX-ASSISTED LASER 
DESORPTION/IONIZATION (MALDI) MASS SPECTROMETRY
5.1 Introduction
Based on the results presented in Chapter 4, experiments aimed at understanding the 
molecular events leading to reduced fragmentation of oligonucleotides were undertaken. 
Nordhoff et al. have suggested that fragmentation of an oligonucleotide may be initiated 
by a self-protonation reaction[l]. According to their proposed mechanism, if the 
oligonucleotide is present as the ammonium salt, upon desorption into the gas phase, the 
ammonium phosphodiester groups could dissociate into their free acids and bases 
resulting in the protonation of, presumably, guanine residues, leading to a weakening of 
the glycosidic bond and fragmentation of the oligonucleotide.
We propose to investigate which of the two following mechanisms best explains the 
effectiveness of organic base co-matrices in MALDI-MS. The first mechanism would 
involve solution-phase interactions between the organic base and oligonucleotide. In 
contrast, the second mechanism would involve gas-phase interactions. The organic 
bases investigated include triethylamine, piperidine, imidazole, and pyridine, which 
have a wide range of proton affinity values. Experiments focused on solution pH 
effects as well as a comparison of gas-phase proton affinity values and their effects on 
fragmentation reduction.
It is demonstrated that co-matrices of sufficiently high proton affinity serve as 
"proton sinks" during the desorption/ionization process and inhibit nucleobase 
protonation thereby reducing or eliminating oligonucleotide fragmentation in MALDI-
45
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MS. This approach does not rely on modifications to the oligonucleotide structure and 
is compatible with the common oligonucleotide matrices currently in use.
5.2 Experimental
5.2.1 Oligonucleotide Synthesis and Purification
Reagents for oligonucleotide synthesis were obtained from Perkin Elmer/Applied 
Biosystems (Foster City, CA). Trityl-on oligonucleotides were synthesized using 
standard phosphoramidite chemistry on 1-pmol columns using a Perkin Elmer/Applied 
Biosystems Model 394 DNA/RNA synthesizer. After synthesis, the deprotected 
oligonucleotides were purified using oligonucleotide purification cartridges (OPC) 
purchased from Perkin Elmer to isolate the desired sequence from failure sequences. 
Purification is accomplished by washing the oligonucleotide and retaining the terminal 
dimethoxytrityl (DMT) protecting group. The DMT-protected oligonucleotide is 
retained on the OPC in 10% aqueous ammonium hydroxide. The OPC was washed 
with ammonium hydroxide to remove any impurities and failure sequences. The DMT 
group was then removed using 3% trifluoroacetic acid (TFA) and the remaining 
oligonucleotide was eluted with 20% acetonitrile. The eluate was evaporated to 
dryness on a LabConco centrivap (Kansas City, MO) and then reconstituted in 100 pL 
of nanopure water prior to analysis. If the OPC purification did not isolate the desired 
reaction product, the sample was further purified using reversed-phase or anion- 
exchange high-performance liquid chromatography. After purification, the 
oligonucleotides were evaporated to dryness and reconstituted in deionized water at a 
concentration of 100 pmol/pL prior to analysis.
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5.2.2 Sample Preparation
ATT, diammonium hydrogen citrate, 3-HPA, PA, and THAP were purchased from 
Aldrich (Milwaukee, WI, USA). The ATT matrix solution consisted of a 1:1 ratio of 70 
mM ATT and 20 mM diammonium hydrogen citrate. The 3-HPA matrix solution 
consisted of an 8:1:1 ratio of 0.36 M 3-HPA, 0.41 M PA, and 0.22 M diammonium 
hydrogen citrate. The THAP matrix solution consisted o f a 2:1 ratio of 0.5 M THAP 
and 0.1 M diammonium hydrogen citrate.
Triethylamine was purchased from Mallinckrodt (Paris, KY). Imidazole and 
piperidine were purchased from Sigma (St. Louis, MO). Pyridine was purchased from 
Aldrich (Milwaukee, WI)- All imidazole solutions were prepared in deionized water. 
The organic bases were desalted using AG501-X8(d) resin beads (Bio-Rad, Hercules, 
CA). Approximately 5 g of resin beads were added per 100 mL of solution and allowed 
to stir for 1 hour.
5.2.3 Mass Spectrometry
A PerSeptive Biosystems Inc. (Framingham, MA) Voyager linear MALDI-TOF 
instrument with a nitrogen laser was used for the analyses. The samples were prepared 
as either a 3:1 (v:v) matrix:analyte ratio, a 3:3:1 (v:v:v) matrix:co-matrix:analyte ratio, 
or a 3:3:1:1 (v:v:v:v) matrix:co-matrix:analyte:intemal standard ratio. Each sample was 
spotted twice on the MALDI sample plate and allowed to air-dry prior to instrument 
insertion. Calibration of the instrument was carried out using d(pA)5  and d(pT) 16- 
Operation of the instrument was in negative-ion mode. Each mass spectrum was an 
average of 2 0  to 25 laser shots and the laser power density was held constant throughout 
these investigations.
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5.3 Results and Discussion
In Chapter 4, we showed that organic base co-matrices improved MALDI-MS 
analysis of oligonucleotides as evidenced by a reduction in cation adduction and 
fragmentation. The addition o f an organic base co-matrix could affect oligonucleotide 
ion stability in one of three ways: 1) adjustment of the solution pH to values more 
favorable for laser desorption/ionization; 2 ) the co-matrix could promote gas-phase 
cooling of the analyte[3]; or 3) the co-matrix could reduce protonation of the analyte. 
Two oligonucleotide homopolymers, dT^p dAjg, were used as model analytes for
the following experiments. dT io  was chosen because homopolymers of thymidine are 
known to be insensitive to base protonation-induced fragmentation in MALDI-MS; thus 
this oligonucleotide could be used as a control. dAio was chosen as a representative 
model of an oligonucleotide that undergoes fragmentation during MALDI-MS analysis.
5.3.1 Effect of Solution pH on Molecular Ion Abundance and Stability
Although there are several studies concerning the influence of solution pH on 
oligonucleotide ion production in ESI-MS[4, 5], there are few reports on pH effects in 
MALDI-MS[1, 6 ]. Hillenkamp and coworkers did demonstrate that acidic hydrolysis of 
oligonucleotides is not a measurable occurrence during sample preparation stepsfl]. 
The first series of experiments were performed to determine whether the improvement 
in molecular ion abundance seen during addition of the co-matrix was due to the 
solution-phase properties of the matrixxo-matrix mixture.
The pH of each solution was determined prior to addition of oligonucleotide and 
sample spotting. Because the solutions contained both deionized water and acetonitrile 
or ethanol, the pH readings obtained are only apparent pH values. No corrections to the 
pH reading for the presence of the organic component were made for the data reported
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here. No correlation was seen between co-matrix identity and molecular Son abundance 
for each of the matrixxo-matrix combinations studied. Figure 5.1 is a plot of the 
molecular ion abundance vs. apparent solution pH for all of the maatrixxo-matrix 
combinations investigated. Figure 5.1a is the molecular ion abundance for dT io and 
Figure 5.1b is the molecular ion abundance for dAio. No definitive statements can be 
made regarding matrixxo-matrix choice or solution pH from these data. However, it is 
clear that for both analytes the molecular ion abundance tended to be high*est at apparent 
solution pH values between 4 and 6 .
It is instructive to note the chemical species present in solution at pHI values within 
the range of 3 to 8 . The matrices and oligonucleotides are acidic with p K a  values near 
to or less than 4. The co-matrices are basic with pKa values of 6.993 (imi.dazole), 10.72 
(triethylamine), and 11.123 (piperidine). At the lower pH values (pH < 4)_, the 
oligonucleotide and the matrix will exist in their neutral forms, thus o-ligonucleotide 
salts are less likely to be present in the crystal upon evaporation. At pH v-alues between 
4 and 7, the protonated co-matrix could be expected to form a salt with eitlher the 
oligonucleotide or the matrix upon evaporation of the solvent. At highter pH values, 
only triethylamine and piperidine would be expected to form a salt vutith either the 
matrix or the oligonucleotide and as the pH increases further both of thesse co-matrices 
would not be protonated in solution and are probably lost during solvemt evaporation. 
The results in Figure 5.1 are most likely due to these considerations.
The next series of investigations were aimed at determining the suability of the 
molecular ion signal as a function of solution pH. If solution pH values pLay a 
determining role in oligonucleotide fragmentation, then one would exgpect to find a 
correlation between the solution pH and molecular ion stability. As a reference, Figure
49
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Figure 5.1. Molecular ion abundances o f a) dTlO and b) dAlO as a 
function o f apparent solution pH  for various matrix:co-matrix 
combinations. J. Am. Soc. Mass Spectrom., 9 (1998) 6 6 8 .
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5.2 shows spectra o f both dTIO and dA10 in the three matrices used in these 
experiments without addition of a co-matrix. No fragment ions are seen for dTio
irrespective of matrix choice (Figure 5.2a-c), while fragmentation is seen for dAio 
(Figure 5.2d-f). These results are to be expected as the proton affinity of the 
phosphodiester backbone is expected to be similar to or slightly higher than the proton 
affinity of the thymine base, thymine does not have a site that could easily accept a 
proton, and other researchers have reported similar results from studies of poly T[6 ]. 
However, dA io, whose nucleobase has a higher proton affinity, does exhibit matrix- 
dependent fragmentation. Fragmentation is most prevalent in the ATT matrix. Base 
loss is seen in the 3-HPA matrix and the THAP matrix yields the cleanest mass spectral 
data.
To examine the solution pH effects on the analytes, Figure 5.3 shows a plot of 
several matrixxo-matrix combinations for dT io and dAiO- Figure 5.3a-b is dT io  in a 
THAP:piperidine matrixxo-matrix combination and a THAP:imidazole matrixxo- 
matrix combination, both at an apparent pH of 5.6. As one would expect, no 
fragmentation of the dT io molecular ion is seen. Figure 5.3c-d is dA io  in a 
THAP:triethylamine matrixxo-matrix combination and a THAP:piperidine matrixxo- 
matrix combination, both at an apparent pH of 5.7. As seen in Figure 5.3c, no fragment 
ions are detected for the THAP:triethylamine combination. However, in Figure 5.3d 
several fragment ions are detected. Thus, the molecular ion stability appears to be 
independent of the solution pH. Figures 5.3e-f are a further demonstration of this fact. 
Figure 5.3e is dA io in a ATT:triethylamine matrixxo-matrix combination at an 
apparent pH of 5.1 and Figure 5.3f is dA io in a ATT:piperidine matrixxo-matrix
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Figure 5.2 (a-c). MALDI-TOF mass spectra o f dTio in a) ATT matrix, b ) 3-HPA 
matrix and c) THAP matrix. No co-matrix added.
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Figure 5.2 (d-f). dAio in d) ATT matrix, e) 3-HPA matrix and f) THAP matrix. 
No co-matrix added.
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Figure 5.3 (a-d). MALDI-TOF mass spectra and apparent solution pH values 
o f a) dTio in THAPipiperidine (PA 228.0 kcal/mol) solution, b) dTio in 
THAPrimidazole (PA 225.2 kcal/mol) solution, c) dAio in THAP:triethylamine 
(PA 234.7 kcal/mol) solution, d) dAio in THAP:piperidine solution. J. Am. Soc. 
Mass Spectrom., 9 (1998) 6 6 8 .
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Figure 5.3 (e-f). MALDI-TOF mass spectra and apparent solution pH values 
of e) dAio in ATT:triethylamine solution, and f) dAio in ATT:piperidine 
solution. Solution pH is shown not to be the governing factor for fragmentation 
reduction. J. Am. Soc. Mass Spectrom., 9 (1998) 6 6 8 .
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combination at an apparent pH of 5.0. In each case significant fragmentation is evident, 
although the fragment ion abundances are much greater for the ATTipiperidine 
combination (Figure 5.3f) as compared to the ATT:triethylamine combination (Figure 
5.3e). These results permit us to suggest that some other factor besides solution pH 
influences oligonucleotide molecular ion stability when organic base co-matrices are 
utilized.
5.3.2 Effect of Co-matrix Proton Affinity on Molecular Ion Stability
The next series of experiments were aimed at determining whether the gas-phase 
properties of the co-matrices were the important factors governing molecular ion 
stability. Hillenkamp and co-workers[7] and Smith and coworkers[6 , 8 , 9] have shown 
that fragmentation of oligonucleotides in MALDI-TOFMS is due to nucleobase 
protonation. Base protonation leads to backbone strand scission and the reduction of 
molecular ion stability. It has been shown previously that protonation and strand 
scission does not occur in the MALDI matrix solution prior to the desorption/ionization 
step[l]. Thus, it is reasonable to assume that the proton affinities of the matrices, co­
matrices, and nucleobases might play an important role in determining oligonucleotide 
stability.
It is proposed that the organic base co-matrix provides a “proton/cation” sink 
whereby protons and cations are preferentially attracted to the organic base rather than 
the oligonucleotide. The proposed mechanism is shown in Equations 5.1 and 5.2:
MH + A -> (M -H )- + (A+H)+ 5.1
MH + B (M -H )- + (B+H)+ 5.2
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where, MH represents the standard acidic MALDI matrix molecule, A  represents the 
oligonucleotide analyte and B represents the organic base. Equation 5.1 represents 
protonation of the analyte by the matrix while equation 5.2 shows protonation of the 
organic base by the matrix. The reaction pathway shown in equation 5.1 can be one of 
the initial steps that leads to nucleobase elimination and subsequent strand scission. 
However, protonation of the organic base as suggested by the reaction pathway in 
equation 5.2 would provide a competing pathway for oligonucleotide protonation 
thereby reducing the fragmentation of the oligonucleotide.
The proton affinities of the nucleobases and deoxynucleosides are[10]: T 209.0, dT 
224.9; C 225.9, dC 233.2; A 224.2, dA 233.6; G 227.4, dG 234.4 (all in kcal/mol). We 
have recently determined the proton affinities of the deoxynucleoside monophosphates 
and have found them to be approximately 1 kcal/mol lower than the corresponding 
deoxynucleoside proton affinities and we estimate the proton affinity of the 
phosphodiester backbone to be ~ 225.5 kcal/m ol[ll]. The proton affinities of the co­
matrices used in this study are: imidazole 225.2 kcal/mol, piperidine 228.0 kcal/mol, 
and triethylamine 234.7 kcal/mol[12]. To date, only the proton affinity of 3-HPA has 
been determined[13, 14] although it is reasonable to assume that the proton affinities of 
each of the matrices used in this study are lower than the proton affinities of the 
nucleobases or deoxynucleosides (vide infra).
If the proton affinity is the determining factor in oligonucleotide stability, then the 
following predictions can be made on the basis of the known proton affinity values. 
Because the proton affinities of the matrices are lower than the proton affinities of the 
deoxynucleosides, oligonucleotide fragmentation should be evident to differing degrees 
in each matrix without any additional co-matrix additives. Further, the addition of an
57
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organic co-matrix with a proton affinity higher than the proton affinities of the 
deoxynucleosides (e.g., triethylamine) should be more effective at reducing 
fragmentation than co-matrices having proton affinities less than or equal to the 
deoxynucleosides (e.g., imidazole).
Figure 5.4 is the mass spectral results from the addition of various amounts of co­
matrix to THAP. Results are focused on dA[Q since fragmentation is more prominent.
In Figure 5.4a, 3 nmol of piperidine was added to 1.5 umol of THAP. Significant base 
loss and some backbone cleavage products are observed in the mass spectrum. The 
amount of piperidine was increased to 300 nmol in Figure 5.4b. Although there is a loss 
of absolute molecular ion abundance similar to that found in ESI-MS experiments[15], 
the addition of a  larger amount of piperidine serves to nearly eliminate the presence of 
fragment ions in the mass spectrum. To compare the effectiveness of different co­
matrices at reducing fragmentation, various amounts of triethylamine were added to the 
THAP matrix. For a 3 nmol: 1.5 pmol (triethylaminerTHAP) mixture (Figure 5.4c), a 
small amount of base loss is observed from dAio but backbone fragment ions are nearly 
nonexistent. When the ratio of triethylamine to THAP is increased to 300 nmol: 1.5 
[xmol, as shown in Figure 5.4d, no base loss ions or backbone fragments are observed, 
although there is, again, a reduction in the absolute ion abundances.
The proton affinity of triethylamine is nearly 7 kcal/mol greater than the proton 
affinity of piperidine and is on the order of the proton affinity of deoxyadenosine (233.6 
kcal/mol (deoxyadenosine) vs. 234.7 kcal/mol (triethylamine)). If base protonation 
causes fragmentation of oligonucleotides in MALDI-MS, then the addition of a co­
matrix of similar or higher proton affinity can serve as a "proton sink" and compete with 
the nucleobase for protons from the matrix. When the proton affinity of the co-matrix is
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Figure 5.4. MALDI-TOF mass spectra o f  dAlO in the following 
co-matrix:matrix solutions: a) 3 nmol: 1.5 (Jmol piperidine:THAP, 
b) 300 nmol: 1.5 jimol piperidine:THAP, c) 3 nmol: 1.5 |j.mol triethylamine:THAP, 
and d) 300 nmol: 1.5 jimol triethylamine:TELAP. Higher concentrations o f 
co-matrix solution can effectively reduce fragmentation. J. Am. Soc. Mass Spectrom., 
9 (1998) 6 6 8 .
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less than the proton affinity of the nucleobase, the co-matrix is less effective at 
eliminating oligonucleotide fragmentation. This loss of efficiency can be overcome by 
increasing the mole fraction of co-matrix present in the solution. However, a co-matrix 
such as triethylamine with a high proton affinity is more effective at competing for the 
proton in the gas phase and can serve to nearly eliminate base-induced fragmentation in 
oligonucleotides.
Figure 5.5 shows the results from a similar set of experiments utilizing ATT as the 
matrix. Fragmentation is much more predominant in ATT than in either of the other 
two matrices investigated. Again, the utilization of a co-matrix of sufficiently high 
proton affinity can help to reduce fragmentation in oligonucleotides. Figure 5.5a is a 
mixture o f 3 nmol of imidazole and 210 nmol of ATT. A significant number of 
backbone product ions are still observed in this mass spectrum. Increasing the amount 
of imidazole present in the solution to 300 nmol helps to reduce the number and 
abundance of these backbone fragments (Figure 5.5b). It was found that further 
increasing the concentration of imidazole used did not result in any appreciable 
improvement in the mass spectral data and led to a reduction in the molecular ion 
abundance. The proton affinity of imidazole (225.2 kcal/mol) is lower than the proton 
affinity of deoxyadenosine (233.6 kcal/mol) and we attribute its inability to completely 
elim inate. oligonucleotide fragmentation to this fact. In Figure 5.5c, 3 pmol of 
triethylamine was added to a 210 nmol solution of ATT. Again, a significant number of 
fragment ions are seen in this mass spectrum. However, as one would expect if the co­
matrix proton affinity is the determining factor in reducing oligonucleotide 
fragmentation, increasing the mole ratio of triethylamine in the ATT matrix solution can 
nearly eliminate oligonucleotide fragmentation (Figure 5.5d).
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Figure 5.5. MALDI-TOF mass spectra o f dAlO in the following 
co-matrix:matrix solutions: a) 3 nmol:210 nmol imidazole:ATT, b) 300 nmol:210 
nmol imidazole:ATT, c) 3 pmol:210 nmol triethylamine:ATT, and 
d) 870 nmol:210 nmol triethylamine:ATT. J. Am. Soc. Mass Spectrom., 9 (1998) 
668 .
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These data demonstrate that improvements to the molecular ion stability can be 
rationalized in terms of the proton affinities of the co-matrices used. Triethylamine, 
which has the highest proton affinity, is the co-matrix most effective at reducing or 
eliminating metastable decomposition. Imidazole, which has the lowest proton affinity, 
is still capable of reducing metastable fragmentation presumably due to the fact that 
ATT is more acidic in the gas phase than the other matrices leading to increased 
fragmentation of the analyte. Even though imidazole has a proton affinity lower than 
that of deoxyadenosine, when present in high enough molar excess, it can serve as an 
additional sink for the acidic protons from the matrix thus reducing oligonucleotide 
fragmentation. We performed a number of additional investigations into the effect of 
co-matrix concentration and identity, and all of the data are consistent with the 
supposition that the co-matrix serves as a proton sink upon laser desorption. As a 
proton sink, the co-matrix is protonated (preferentially) as compared to the 
oligonucleotide, thus improving the molecular ion stability of the analyte of interest.
Finally to confirm that the proton affinity of the co-matrix, rather than a gas-phase 
cooling process, is the determining factor in reducing oligonucleotide fragmentation 
during MALDI-MS, additional experiments were performed utilizing pyridine as a co­
matrix. The proton affinity of pyridine is 222.3 kcal/mol, which is lower than the proton 
affinities of any of the nucleobases and the phosphodiester backbone. Based on our 
prior results, no reduction in oligonucleotide fragmentation would be expected using 
this co-matrix.
Typical results from the addition of pyridine as a co-matrix in an ATT matrix are 
shown in Figure 5.6. A large number of backbone fragment ions are detected with 
pyridine as the co-matrix, a result consistent with our proton sink mechanism rather
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Figure 5.6. M ALDI-TOF m ass spectrum  o f  dAio in a pyridinerATT 
co-m atrix:m atrix solution. J. Am. Soc. Mass Spectrom., 9 (1998) 6 6 8 .
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than the gas-phase cooling mechanism. Fragment ion abundance seems enhanced with 
addition of the co-matrix suggesting that the protonated form of pyridine may contribute 
to fragmentation by providing more protons. dT io did not exhibit any significant 
fragmentation when pyridine was used as a co-matrix as expected. According to the 
mechanism proposed here, the proton affinity of pyridine is too low to 
effectively compete with the oligonucleotide for the protons from the matrix. Thus, 
base-protonation induced fragmentation of the oligonucleotide results.
5.4 Conclusion
The addition of a co-matrix of sufficiendy high proton affinity can serve as a proton 
sink to reduce oligonucleotide fragmentation in MALDI-MS. The addition of a co­
matrix can adjust the matrix:analyte solution pH to values that yield increased 
molecular ion abundance. As reported earlier[16], these co-matrices also reduce cation 
adducts present in the oligonucleotide sample, thereby providing a dual use of reducing 
cation adduction and oligonucleotide fragmentation. This approach is a simple and 
powerful technique for improving MALDI-MS analysis of oligonucleotides.
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6. PROTON SCAVENGING BY CO-MATRICES DURING POSITIVE-ION 
MODE MATRIX-ASSISTED LASER DESORPTION/IONIZATION 
MASS SPECTROMETRY (MALDI-MS) OF OLIGONUCLEOTIDES
6.1 Introduction
As discussed in the previous chapter, incorporation of organic base solutions as co­
matrices during matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOFMS) of oligonucleotides is demonstrated to be an effective 
approach for supplying a proton sink for acid-labile matrix protons available during the 
MALDI process.
One shortcoming of the research described in the previous chapter was its focus on 
the effects of organic base co-matrices on oligonucleotide stability in the negative-ion 
mode only. Although those results did demonstrate that addition of an organic base co­
matrix improved the oligonucleotide molecular ion stability and that the effect was 
influenced by the proton affinity of the organic base co-matrix, no direct examination of 
the effect of the organic base co-matrix on oligonucleotide protonation was made. 
Rather, it was inferred that the improved molecular ion stability was due to a reduction 
in oligonucleotide protonation.
In this chapter, we examine the effects of organic base co-matrices on 
oligonucleotide protonation and fragmentation in the positive-ion mode to determine 
whether the proposed proton/cation sink mechanism does indeed occur. Effects of the 
co-matrices on oligonucleotides were studied using an internal standard to measure the 
relative ion abundance of the protonated oligonucleotide molecular ion and any 
fragment ions detected during analysis. The internal standard chosen was a quaternary 
amine phosphorothioate-tagged dT i2  oligonucleotide. Incorporation of this internal
66
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standard compensates for the variations of molecular ion abundance from spot-to-spot 
and due to variations in ionization efficiency of the different matrices [ 1 ] utilized in this 
work. The results of this work support the hypothesis that organic base co-matrices 
function as competing sites for gas-phase proton transfer within the MALDI generated 
plume. As the proton affinity of the organic base co-matrix increases, the likelihood for 
protonation of the organic base co-matrix over the oligonucleotide increases, thereby 
reducing the observed fragmentation and/or protonated molecular ion abundance of the 
oligonucleotide.
6.2 Experimental
6.2.1 Oligonucleotide Synthesis and Purification
Reagents for oligonucleotide synthesis were obtained from Perkin Elmer/Applied 
Biosystems (Foster City, CA). Trityl-on oligonucleotides were synthesized using 
standard phosphoramidite chemistry on 1-p.mol columns using a Perkin Elmer/Applied 
Biosystems Model 394 DNA/RNA synthesizer. After synthesis, the deprotected 
oligonucleotides were purified using oligonucleotide purification cartridges (OPC) 
purchased from Perkin Elmer to isolate the desired sequence from failure sequences. 
The DMT-protected oligonucleotide is retained on the OPC in 10% aqueous ammonium 
hydroxide. The DMT group was then removed by washing the column with 3% 
trifluoroacetic acid (TFA) and the remaining oligonucleotide was eluted with 20% 
acetonitrile. The eluate was evaporated to dryness on a LabConco centrivap (Kansas 
City, MO) and then reconstituted in nanopure water prior at 100 mM concentration 
prior to analysis.
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6.2.2 Internal Standard Synthesis and Purification
The starting material, 5'-phosphorothioate labeled-(Tp)i]T [denoted as ps-(T)i2 ,
(M+H)+ = 3683 u] oligonucleotides, were synthesized using standard phosphoramidite 
chemistry on 1 p.mol columns using a Perkin Elmer/Applied Biosystems Model 394 
DNA/RNA synthesizer. Introduction of the phosphorothioate group was carried out 
using 3-ethoxy-l,2,4-dithiazolin-5-one (EDITH) for 30 s during the oxidation step of 
phosphorylation [2] The quaternary ammonium labeled ps-Ti2  was synthesized 
following literature procedures [1, 3] The starting material and (2-
bromoethyl)trimethylammonium bromide (Aldrich, Milwaukee, WI) were dissolved in 
water at a 1:100 molar ratio and allowed to react overnight at pH 7.5—8.0 buffered by a 
1/10 volume of 0.1 M sodium phosphate/sodium hydrogen phosphate.
The reaction product was purified using anion-exchange high-performance liquid 
chromatography on a Beckman (Fullerton, CA) System Gold HPLC. The buffers used 
for separation were 25 mM triethylamine, 20% aqueous acetonitrile solution, buffered 
by CC>2 to pH 6.4 (buffer A) and 1 M triethylamine, 20% aqueous acetonitrile solution, 
buffered by CO2  to pH 7.6 (buffer B). The gradient was linear from 20% B to 60% B 
at 2%/min at a flow rate of 1.5 mL/min. After purification, the eluate was evaporated to 
dryness on a LabConco centrivap (Kansas City, MO) and then reconstituted in nanopure 
water prior to analysis.
6.2.3 Sample Preparation
ATT, 2,5-dihydroxybenzoic acid (DHB), 3-HPA and THAP were purchased from 
Aldrich. The ATT matrix solution consisted of a 1:1 (v:v) ratio of 70 mM ATT and 20 
mM diammonium hydrogen citrate in 50% acetonitrile/water. The DHB matrix solution 
consisted of 100 mM DHB and 100 mM diammonium hydrogen citrate in 40%
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acetonitrile/water. The 3-HPA matrix solution comsisted of an 10:1 (v:v) ratio o f 360 
mM 3-HPA and 220 mM diammonium hydrogen ciitrate in deionized water. The THAP 
matrix solution consisted of a 2:1 ratio of 500 imM THAP in ethanol and 100 mM 
diammonium hydrogen citrate in deionized water.
Triethylamine was purchased from Mallincknodt (Paris, KY). Imidazole was 
purchased from Sigma (St. Louis, MO). All imoidazole solutions were prepared in 
deionized water. Neat organic base solutions weres desalted using AG501-X8(d) resin 
beads (Bio-Rad, Hercules, CA). Approximately 5 : g of resin beads were added per 100 
mL of solution and allowed to stir for 1 hour.
6.2.4 Mass Spectrometry
A PerSeptive Biosystems Inc. (Framingham, MIA, USA) Voyager linear MALDI- 
TOF instrument with a nitrogen laser was used fobr the analyses. The samples were 
prepared at a 3:1:1 (v:v:v) matrix:analyte:internal sttandard ratio or at a 3:3:1:1 (v:v:v:v) 
matrix:co-matrix:analyte:intemal standard ratio. Each sample was spotted at three 
times at separate locations on the MALDI sample [ plate and allowed to air-dry prior to 
instrument insertion. Instrument operation was performed in positive ion mode. 
Calibration of the instrument was carried out using  dT i(), dT20, and dT30- The laser 
power density was held constant throughout thesse investigations and was operated 
slightly above threshold laser power density.
6.3 Results and Discussion
It is well documented in the literature that oligonucleotide molecular ion stability 
depends in large part on the base compositiion of the oligonucleotide under 
investigation[4-6]. In this study, a model oligonucleotide was chosen which is known 
to be susceptible to protonation-induced fragmentation. Thus, reduction of
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fragmentation or a decrease in the relative production of positively charged molecular 
ions from this analyte should be strong evidence that protonation-induced fragmentation 
is affected by the sample preparation conditions. Specifically, the oligonucleotide 
investigated in this study was dAio [(M+H)+ = 3071 u].
An additional problem that can arise when attempting to elucidate the important 
variables associated with molecular ion instability, especially when different sample 
preparation methods are used, is the differential desorption properties of 
oligonucleotides within different matrices[l]. In this work, an internal standard was 
used to attempt to separate desorption effects from ionization effects when interpreting 
the MALDI-MS results. In particular, a modified oligonucleotide containing a tertiary 
butylammonium group was used as the internal standardfl]. This particular internal 
standard is present as a pre-formed ion during the MALDI experiment. Thus, the 
relative ion abundance of the internal standard should not be influenced by any gas- 
phase reactions occuring in the MALDI plume, and therefore can be used as a measure 
of the relative desorption efficiency of a particular sample preparation. Furthermore, by 
comparing the relative peak heights of the internal standard to the analyte molecular ion 
and any fragment ions for a particular matrix with different co-matrices, one can 
reasonably assess the influence of the co-matrix on the analyte ion production and 
stability.
Oligonucleotide molecular ion production in MALDI-MS is also strongly dependent 
on the choice of matrix[l]. Thus, in this work, several different matrices were used to 
ensure that the co-matrix effects were not found to be matrix specific. The matrices 
utilized in this study include ATT, DHB, 3-HPA and THAP. These matrices are known 
to result in different degrees of molecular ion fragmentation when used for
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oligonucleotide analysis, with DHB typically being the least effective MALDI matrix 
and 3-HPA being the most effective MALDI matrix.
The inclusion of matrix additives (i.e., co-matrices) has a dramatic effect on the 
MALDI mass spectral results of oligonucleotides. Figure 6.1 contains representative 
MALDI mass spectra of dAio analyzed using ATT as the matrix. As seen in Figure 
6.1a, dA io undergoes substantial fragmentation during MALDI-MS analysis with this 
matrix. These fragment ions originate in the source region of the linear MALDI TOF 
instrument and are assumed to occur due to a mechanism whereby the adenine 
nucleobase is protonated at N3[7] which leads to subsequent base elimination and 
strand scission along the phosphodiester backbone[6 , 8 ]. As noted in Figure 6.1a, an 
abundant protonated molecular ion for dA io  is observed-one whose relative abundance 
is similar to the preformed ion of the internal standard.
If one proposes that the addition of organic bases having proton affinities higher 
than the proton affinity of the oligonucleotide should favor the protonation of the 
organic base co-matrix over the protonation of the nucleobase, then experimentally one 
would predict two effects to occur. By reducing the formation of protonated 
nucleobase(s), fragmentation should be reduced. In addition, one might also notice an 
overall decreases in the relative abundance of the protonated molecular ion for the 
oligonucleotide.
Figure 6.1b contains a representative mass spectrum that illustrates the effect of 
adding triethylamine as a co-matrix to dA io in the ATT matrix. Although the overall 
ion abundances have decreased with the addition of triethylamine, the relative 
abundance of dA io to the internal standard have not drastically changed with the
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Figure 6.1 MALDI-TOF mass spectra of dAio in ATT matrix.
a)No co-matrix added, b) addition of triethylamine as co-matrix and 
c) addition o f imidazole as co-matrix.
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addition of the co-matrix. However, addition of the triethylamine co-matrix does result 
in a significant reduction in oligonucleotide fragmentation as noted by the absence o f 
any significant fragment ions smaller than the ag/wg ion. Based on these data, it 
appears that the addition o f an organic base co-matrix does reduce protonation o f the 
oligonucleotide.
Similar, but not identical, results are seen when imidazole is added as an organic 
base co-matrix (Figure 6.1c). Here, both the overall ion abundance of dA io is reduced 
as well as the subsequent fragmentation of the molecular ion. Unlike the situation 
found in Figure 6.1b, lower mass fragment ions are still observed, albeit at very low 
abundance, when imidazole is added as a co-matrix.
To determine whether the results found in Figures. 6.1b and 6.1c were specific for 
ATT, similar investigations were performed with THAP. Figure 6.2a contains a 
representative mass spectrum of dAio obtained using THAP as the matrix. Unlike the 
situation observed with ATT, less fragmentation of dA io  is detected using this matrix. 
As noted previously by others [5, 6 ], oligonucleotide molecular ion stability is 
dependent on the matrix used for the analysis. ATT is known to generate more 
fragment ions than THAP for lower molecular weight oligonucleotides under standard 
experimental conditions.
When triethylamine is added as an organic base co-matrix, a dramatic deterioration 
in the mass spectral quality is found (Figure 6.2b). Similar results were obtained from a 
variety of spots on the sample and from freshly prepared sample solutions suggesting 
that the mass spectral data are representative of the situation that occurs upon addition 
of triethylamine. Both the dA io and internal standard molecular ions are of very low
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 6.2 MALDI-TOF mass spectra o f dAlO in THAP matrix, a) No co-matrix 
added, b) addition o f triethylamine as co-matrix and c) addition o f imidazole as 
co-matrix.
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abundance, are poorly resolved, and are difficult to accurately characterize using these 
sample conditions. Although it is possible that the presence of the triethylamine is 
severely restricting the production of intact molecular ions from dAio, a more likely 
explanation for these results is that the addition of triethylamine renders the THAP 
matrix ineffective for oligonucleotide analysis by MALDI-MS. This reasoning is based 
on the very poor spectral response observed for the pre-formed ion of the internal 
standard. As mentioned above, the internal standard should not be affected by the gas- 
phase reactions due to the presence of a permanent positive charge on this molecule. 
Thus, the inability to generate high quality mass spectral signals from the internal 
standard suggest that some other aspect of the sample preparation step is affecting these 
results. It is worth noting that behavior such as that found for the addition of 
triethylamine to dAio m THAP was not unique to this particular matrix as lower overall 
ion abundances were also seen when ATT was used as a matrix (cf. Figure 6.1b).
Figure 6.2c contains a representative mass spectrum of dA io analyzed in the 
presence of imidazole as the co-matrix. Similar to those results found when imidazole 
was added to ATT, the data are characterized by a reduction in the relative abundance 
of the (M+H)+ ion for dA io  as well as a reduction in the fragmentation. The addition 
of imidazole to DHB or 3-HPA also resulted in a reduction in the relative abundance of 
protonated dA io (data not shown). Based on these results, we conclude that imidazole 
does not reduce oligonucleotide protonation to the same extent that triethylamine does, 
although the addition of triethylamine appears to reduce overall ion formation for all 
components of the sample, including the internal standard, suggesting that triethylamine 
is less suited for use as a co-matrix with these matrices.
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The proton affinities o f  triethylamine and imidazole are 234.7 and 225.2 kcal/mol, 
respectively[9]. Green-Church determined the upper limit for the proton affinity of the 
deoxyadenosine monophosphates to be approximately 237 kcal/mol[7]. Thus, based on 
thermodynamic arguments alone, one would expect that triethylamine would have a 
more dramatic effect on the positive-ion mass spectral results of dAio than would 
imidazole. The results obtained during the analysis of dA io  hi several matrices with 
triethylamine and imidazole support the argument that the proton affinity of the organic 
base co-matrix plays a n  important role in its ability to reduce oligonucleotide 
fragmentation during MALDI-MS. Furthermore, these data cause us to suggest that 
organic base co-matrices having proton affinities higher than those investigated here 
that are compatible w ith the MALDI experiment should substantially reduce or 
eliminate oligonucleotide fragmentation.
6.4 Conclusions
The positive-ion mode data presented in this work demonstrate that addition of 
organic base co-matrices to the standard oligonucleotide/matrix sample preparation 
influence the production o f  positively charged oligonucleotide ions during the MALDI 
event. Both imidazole and triethylamine are shown to reduce the production of 
protonated molecular ions and/or reduce subsequent fragmentation of the 
oligonucleotide parent ion. Triethylamine, which has a proton affinity similar to that of 
the model oligonucleotide used in this work, results in a larger reduction in 
oligonucleotide protonation than does imidazole whose proton affinity is - 1 0  kcal/mol 
less than that of triethylamine. These results also illustrate that gas-phase reactions 
occuring in the MALDI-generated plume can be affected by the chemical constituents 
of the sample mixture. Based on these results, co-matrices having proton affinities
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higher than those investigated here should improve MALDI-MS analysis of 
oligonucleotides providing the co-matrix is compatible with the other components of 
the sample mixture. In particular, co-matrices which are compatible with 3-HPA would 
be the additives of choice for reducing oligonucleotide protonation for higher molecular 
weight oligonucleotides.
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7. PEPTIDE NUCLEIC ACIDS (PNAs): A NOVEL MATRIX ADDITIVE FOR
IMPROVED MATRIX-ASSISTED LASER DESORPTION/IONIZATION 
MASS SPECTROMETRY (MALDI-MS) OF OLIGONUCLEOTIDES
7.1 Introduction
In the previous three chapters, we have shown that the addition of co-matrices has 
shown to effectively improves MALDI-MS analysis of oligonucleotides [1-5]. The 
improvements have been attributed to the amino functionality of the co-matrices. 
Additional studies have investigated the affects of co-matrices with multiple amine 
groups, such as spermine and spermidine[6 , 7]. Vandell and Limbach reported 
adduction of the polyamines as a result of the co-matrix concentration. This adduction, 
as with alkali metal salts, was presumed to be a result of backbone interaction of the 
oligonucleotide with the polyamines.
With this finding, Vandell and Limbach then investigated the possible effects of a 
co-matrix with capabilities of base-base interaction with the oligonucleotide[8 ]. Peptide 
nucleic acids (PNAs) were used as potential co-matrices. PNAs designed by Berg, et 
al., were created to provide specific complementary binding to DNA via base-base 
interaction^]. The structure of a PNA is given in Figure 8.1. Vandell and Limbach 
found that the use of PNAs did increase the abundance and resolution of mixed-base 
oligonucleotides.
This chapter will cover the effectiveness of complementary and non-complementary 
PNAs as co-matrices. Results obtained show that non-complementary DNA/PNA 
sequences gave increased resolution. It is suggested that this phenomena is a result of 
the increased interaction between complementary base sequences which reduce gas- 
phase dissociation, as opposed to non-complelmentary sequence interaction, in which 
gas-phase dissociation would be more probable. As with other matrix additives, 
increased concentrations of the PNA co-matrix improves peak resolution as well.
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7.2 Experimental
7.2.1 Oligonucleotides and PNAs
The oligonucleotides used for these experiments were synthesized by LSU 
GeneLabs. OPC purification was requested, therefore no further purification was 
required. The oligonucleotides were dried on a Lab Conco centrivap (Kansas City, 
MO) to remove the acetonitrile solvent present as a result of OPC purification. The 
lyopholized sample was reconstituted in nanopure water at a final concentration of 1 0 0  
(lM. The PNAs were ordered from Perkin Elmer Biosystems (Framingham, MA). The 
concentrated samples were diluted to concentrations of 200 pM, 100 pM, and 50 pM  in 
nanopure water.
7.2.2 Matrix Preparation
The matrix used for these experiments was 3-HPA. The 3-HPA matrix was 
obtained from Fluka (Milwaukee, WI). 3-HPA was prepared at 360 mM concentration 
in nanopure water. 3-HPA does not readily dissolve in water, so the matrix solution 
was heated until completely dissolved, and allowed to cool back to room temperature 
before use.
7.2.3 Sample Preparation
There were two sample preparation methods used in these experiments. The first 
method entailed combining the oligonucleotide, DNA and matrix together, with 
subsequent spotting of the sample solution onto the MALDI sample plate. This method 
herein will be referred to as "pre-addition", since the matrix was added prior to spotting. 
The second method, "post-addition", is executed by combining the oligonucleotide and 
PNA together, spotting the combination and allowing it to dry before spotting the 
matrix on top of the dried sample crystals.






Figure 7.1 Molecular structure of a PNA trimer.
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7.2.4 Mass Spectrometry
The MALDI-MS experiments were carried out using a  Bruker Proflex IQ (Billerica, 
MA), equipped with a nitrogen laser and operated in linear mode. The attenuation was 
kept constant for all o f  the experiments. Two-point calibration was performed using 
dT jo  and dT30- Experiments were carried out in negative-ion mode.
7 3  Results and Discussion
The use o f PNAs as co-matrices was first presented by Vandell and Limbach. As 
most organic base co-matrices used in Chapters 4-6 interact with the phosphodiester 
backbone o f oligonucleotides, it was important to examine the effects o f a co-matrix 
that would interact with the oligonucleotide via the nucleobase. Vandell and Limbach 
found that the use o f PNAs as co-matrices showed improvements to the mass spectral 
quality. Here, a comparison o f the effects of using complementary PNAs versus non- 
complementary PNAs was performed.
7.3.1 Complementary versus Non-Complementary PNAs
Initial experiments examined the effects o f using a complementary PNA sequence 
versus a non-complementary PNA as co-matrices. The sequences and mass o f the DNA 
and PNA samples are listed in Table 7.1.
Table 7.1 Sequences o f the DNAs and PNAs used and their masses.
DNA______________________ Sequence__________________________Mass
1 0 -mer GGGGTTGGGG 3180.10
18-mer GGGATTGGGATTGGGATT 5665.72
PNA
1 0 -mer CCCCAACCCC 2500.82
18-mer CCCTAACCCTAACCCTAA 4729.61
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Two sample preparatory methods were used, as described in the experimental. "Pre­
addition" of the matrix and "post-addition" of the matrix was done and the two methods 
compared. It was found that post-addition gave better results (increased ion abundance) 
and this method was used for the remainder of the experiments. It is also important to 
note that a comparison of heating versus non-heating of the PNA/DNA combination 
was done as well and heating of the sample gave better results. It is assumed that 
heating the DNA/ PNA mixture and allowing it to cool maximizes the chances of base- 
base pairing as opposed to simple mixing.
Complementary DNA/PNA combinations and non-complementary DNA/PNA 
samples were compared to observe the effectiveness of base pairing on MALDI analysis 
of DNA. The PNAs and DNAs were prepared at equimolar concentration. The use of 
non-complementary PNA (CCCTAACCCTAACCCTAA) with the 10-mer DNA 
(GGGGTTGGGG) gave improved results versus using the complementary PNA 
(CCCCAACCCC) (Figure 7.2). Results for the 18-mer DNA with 10-mer and 18-mer 
PNA were comparable (Figure 7.3). Complementary DNA/PNA pairs were expected to 
give better results than the non-complementary pairs, but the opposite seemed to prove 
more true. Some base-base interaction could occur between the non-complementary 
pairs, but not complete pairing. This suggests that the complementary DNA/PNA 
structures have a higher binding affinity in the gas-phase and that separation of the two 
was not as efficient as separation of the non-complementary pairs. Therefore increased 
ion abundance could be seen for non-complementary pairs.
7.3.2 Effects of PNA Molar Concentration
The next series of experiments examines the effects of varying the molar 
concentration of the PNAs on the DNA spectra. Samples were prepared at 1:2, 1:1 and 
2:1 molar ratios of PNA to DNA. The complementary 10-mers showed increased 
resolution at 2:1 PNA:DNA while the 1:2 ratio of PNA:DNA gave the greatest signal-
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Figure 7.2 MALDI-MS o f a) 10-mer DNA with 10-mer PNA added 
as the co-matrix and b) 10-mer DNA with 18-mer PNA added as the 
co-matrix.





















Figure 7.3 MALDI-MS o f a) 18-mer DNA with 18-mer PNA added as the 
co-matrix and b) 18-mer DNA with 10-mer PNA added as the co-matrix.
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to-noise ratio. Increased amounts o f PNA may increase ion stability o f the DNA 
samples, while increased DNA amounts simply offered better signal. Complementary 
18-mers showed equimolar conditions to give the greatest ion abundance while the 
highest resolution was obtained when half the molar ratio of PNA to DNA was used. It 
seems that the 18-mer DNA sequence is more sensitive to the amounts o f PNA present 
than the 10-mer DNA was.
Non-complementary sequences were compared at varying concentrations o f PNA. 
Using twice the amount of 18-mer PNA with 10-mer DNA gave the best spectral results 
for ion abundance and resolution than the other concentrations studied (Figure 7.4). 
Similar results were obtained for the 18-mer DNA and 10-mer PNA together. It seems 
an increase in the amount of PNA present offers better resolution for non- 
complementary pairs.
7.4 Conclusion
The introduction of a new class o f co-matrices develops many new paths for the 
development o f MALDI sample protocols that will give the best analyte signal possible 
during an analysis. It seems that both backbone and nucleobase interactions are 
important and can benefit the desorption/ionization event given the right conditions. 
Optimal performance for a co-matrix can be accomplished as a function o f many 
parameters like temperature and sample preparation methods. Backbone interactions 
seem to be the most crucial in obtaining substantially increased gas-phase ion stability. 
The use o f PNAs as co-matrices has yet to be fully investigated. Future studies into 
base-base interacting co-matrix compounds may lead to a whole new class o f very 
effective co-matrices for MALDI experiments.
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8. A COMPARATIVE STUDY ON METHODS OF OPTIMAL SAMPLE 
PREPARATION FOR THE ANALYSIS OF OLIGONUCLEOTIDES BY 
MATRIX-ASSISTED LASER DESORPTION/IONIZATION 
(MALDI) MASS SPECTROMETRY
8.1 Introduction
In Chapters 4-6, we demonstrated that organic base co-matrices yield improved 
MALDI mass spectra of oligonucleotides due to a reduction in base protonation and 
also could be used for sample desalting. However, we did not know how this approach 
to sample desalting compared to other available approaches. Therefore, in this work we 
have evaluated the majority of the common salt reduction approaches prior to MALDI- 
MS. Experiments were performed on purposefully contaminated (with sodium acetate) 
oligonucleotides of varying molecular weight and sequence.
The newly developed and marketed micropipet tips containing C i8 resin (i.e.,
ZipTips™) have been found to be the most effective approach for desalting low 
molecular weight oligonucleotides and higher molecular weight oligonucleotides, 
providing the right elution buffer is used to recover the analyte from the Ci8 resin.
Higher molecular weight oligonucleotides are more problematic to characterize, 
although the results of these studies finds that minidialysis, despite being time 
consuming, is an effective sample desalting approach.
8.2 Experimental
8.2.1 Oligonucleotides
Trityl-on oligonucleotides of dT5  and dT3 6  were synthesized using a Perkin
Elmer/Applied Biosystems (Foster City, CA) Model 394 DNA/RNA synthesizer and 
purified using Sep-pak cartridges. Phosphoramidites and all synthesis reagents were 
obtained from ChemGenes (Waltham, MA), and standard phosphoramidite chemistry 
was used. Two mixed-base oligonucleotides, d(TACTG) and
d(TATCGATAGGTCAGCTTCTATCGATCTAACTGCATGTC) (referred to as the
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mixed-base 38-mer), were purchased from LSU Gene Labs. All samples were prepared 
at a final concentration of 100 pM in nanopure water. To achieve a representative 
"salted" sample, a portion of each oligonucleotide was contaminated by the addition of 
sodium acetate to the oligonucleotide solutions. Addition of the sodium acetate salt 
resulted in approximate concentrations of 50 mM salt in the dT5  sample, 40 mM salt in 
the d(TACTG) sample, 20 mM salt in the dT3 g sample, and 25 mM salt in the mixed-
base 38-mer sample. The sodium contaminated samples were then used as the baseline 
for judging the effectiveness of the various methods for reducing salt effects for 
subsequent MALDI-MS analysis.
8.2.2 Matrices
The matrices used in this study, 2 \4 ’,6’-trihydroxyacetophenone (THAP) and 3- 
hydroxypicolinic acid (3-HPA) were purchased from Aldrich (Milwaukee, WI). The 
THAP matrix was prepared as a 2:1 (v:v) mixture of 500 mM THAP in ethanol and was 
used in a 3:1 (v:v) ratio with the sample. The 3-HPA matrix was prepared as a 0.5 M 
solution in 50% acetonitrile and was used in 2:1 (v:v) ratio with the sample.
8.2.3 Sample Desalting Approaches
Cation-exchange Resin Beads AG-50W-X8 cation-exchange resin beads (Bio-Rad, 
Hercules, CA) were activated using 10 M ammonium acetate following published 
procedures[l, 2]. Here, the resin beads were added direcdy to the 
oligonucleotide/matrix sample mixture prior to spotting on the MALDI sample plate. 
Occasionally, cation-exchange resin beads would be aspirated into the micropipettor 
and deposited onto the sample plate during sample transfer. In those circumstances 
where the presence of cation-exchange resin beads prohibited crystallization of the 
sample/matrix mixture, the sample would be re-applied at a different location on the 
sample plate.
Co-matrices Ammonium acetate (Fisher Chemical, Fairlawn, N.J.) was prepared at 
three different concentrations, 1 M, 100 mM and 10 mM, in nanopure water for use as a
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co-matrix. This co-matrix was combined with the various matrix solutions in a 1:1 
(v:v) ratio prior to mixing with the oligonucleotide samples. Ammonium hydrogen 
citrate (Aldrich, Milwaukee, WI) was prepared as a 100 mM solution in deionized water 
and used in a 1:2 (v:v) mixture with the THAP matrix only. A neat solution of 
triethylamine was desalted with anion and cation exchange resin beads (AG-501-X8(D), 
Bio-Rad, Hercules, CA) by adding 5 g of resin beads per 100 mL of solution and 
allowed to stir for 1 hour. After decanting, the triethylamine was then diluted to 290 
mM with nanopure water. A similar procedure was followed for desalting imidazole. 
The imidazole solution was intially prepared at 290 mM before stirring with resin 
beads. After 1 hour, the solution was decanted from the resin beads and was ready for 
immediate use.
Anion-Exchange HPLC Anion-exchange HPLC separations were performed on a 
Beckman (Fullerton, CA) System Gold HPLC with the detector set to monitor at 260 
nm. The column used was a Nucleogen DEAE 1000 (Nest Group, Southboro, MA) 
anion-exchange column. Buffer A consisted of 25 mM triethylammonium bicarbonate 
(TEAB), 20% acetonitrile, pH 6.4, and buffer B consisted of 1 M TEAB, 20% 
acetonitrile, pH 7.6. A linear gradient from 0 to 100%B at 1 %/min was used. Flow- 
rates were 1 mL/min. After HPLC purification, the samples were lyophilized and then 
reconstituted in nanopure water to an approximate concentration of 100 |iM prior to 
mixing with the appropriate matrix solution.
C l8 Purification Tips Prior to C i 8  ZipTip™ (Millipore, Bedford, MA) purification, 
the sample was first lyophilized and then brought up in 0.1% or 0.5% trifluoroacetic 
acid (TFA). The C i 8  resin was wetted using a 50% aqueous acetonitrile solution and 
then equilibrated by washing twice with a 0.1% aqueous TFA solution. The sample was
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aspirated and dispensed through the purification tip approximately 5-10 times to 
promote binding of the oligonucleotide to the C i8  resin in the tip. The tip was washed 
with 0.1% aqueous TFA several times to remove the salts from the sample. The 
oligonucleotide was eluted by first dispensing 2-4 jxL of 50% aqueous acetonitrile 
solution to a clean vial using a standard tip, then aspirating and dispensing the 50% 
aqueous acetonitrile solution in the vial with the purification tip approximately 3 times. 
After dispensing, the analyte solution was available for immediate use.
Desalting Columns Desalting columns were obtained from Pierce (Rockford, IL). 
Three different types of desalting columns were tested: an 1,800 molecular weight cut­
off (MWCO) polyacrylamide desalting gel; a 5,000 MWCO dextran plastic desalting 
column; and a 6,000 MWCO polyacrylamide plastic desalting column. The 5 mL 
columns were equilibrated with 25 mL of 0.2 M ammonium bicarbonate. 100 |xL of the 
sample was applied to the top of the column and allowed to permeate the gel. Then 5 
mL of 0.2 M ammonium bicarbonate was added and the eluent, which contained the 
sample, was collected. After purification using the desalting columns, the samples were 
lyophilized and then reconstituted in nanopure water to an approximate concentration of 
100 |iM prior to mixing with the appropriate matrix solution.
Minidialysis Minidialysis cartridges (Pierce, Rockford, EL) containing MWCO 
membranes of either 3,500 or 10,000 Da were investigated. 10-100 p.L of the sample 
was injected into the cartridge which was inserted into a floatation device in a beaker 
containing a buffer solution. Buffers solutions investigated here included 10 mM 
ammonium acetate, pH 6-7, 200 mM ammonium acetate, pH 6-7, or 200 mM 
ammonium bicarbonate, pH 8 . The sample was dialyzed for a total of four hours with
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the buffer being refreshed midway through the total dialysis time. After minidialysis, 
the analyte solution was available for immediate use.
8.2.4 Mass Spectrometry
MALDI-MS analyses were carried out using a PerSeptive Biosystems 
(Framingham, MA) Voyager linear MALDI-TOF spectrometer equipped with an N2  
laser. The laser was operated just above threshold laser power density. Threshold laser 
power density is defined here as the point at which the ion signals for the analytes were 
observed. For all o f the experiments, 0.5 p.L of each oligonucleotide/matrix sample 
mixture was spotted at two separate locations on the sample plate to gauge 
reproducibility of the desalting approaches. All spectra shown here were the average of 
at least 50 laser shots and were obtained in the negative ion-mode. External calibration 
was carried out using dT5  and dT3 6  in the appropriate matrix.
8.3 Results
To characterize the effectiveness of a variety of salt reduction methods, the 
following methodology was employed. First, the purified oligonucleotide was analyzed 
to generate representative control data for these studies. The oligonucleotide was 
contaminated with sodium acetate at the levels described in the experimental section. 
This "salted" oligonucleotide was then re-analyzed to characterize the effects of salt on 
the resulting MALDI-MS data. These two sets of data were then used to provide a set 
of values for evaluating the sample purification methods. Aliquots of the salted sample 
were then purified using the approaches shown in Tables 8.1-8.3. Three experimental 
criteria were used to evaluate the effectiveness of the sample purification methods at 
reducing cation adducts: the average mass value of the oligonucleotide, the resolution of 
the base peak in the mass spectrum and the signal-to-noise ratio of the base peak in the
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Table 8.1 Comparative results from the analysis of (IT5  and d(TACTG) which were 
purposely contaminated with sodium acetate. The unsalted control provides a baseline 
to which the effectiveness o f the various sample desalting approaches can be prepared. 
For dT5  and d(TACTG), C^g purification tips appear to be the most effective approach 
at sample desalting. The reported values are the mean and standard deviations resulting 
from the averaging o f multiple measurements from separate spots o f a single sample 
and from analysis o f multiple samples.
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dT5 Massa Resolution*1 Signal-to-Noise Ratioc
Unsalted control 1462 D a i  0.3% 275 ±  8.7% 1.7 i  5.9%
(calc. Mr =  1458.0 Da)
Salted with sodium acetate 1479 D a i  0.8% 248 i  64% 1.8 i  33%
Cation-exchange resin 1470 D a i  0.5% 234 ±  32% 1.6 i  13%
beads
1 M ammonium acetate 1456 D a i  0.8% 273 d= 9.5% 1.7 i  12%
100 mM ammonium acetate 1473 D a i 0.6% 312 i  23% 1.7 i  12%
10 mM ammonium acetate 1474 D a i  0.7% 312 i  32% 2.3 i  30%
Anion-exchange HPLC 1439 D a i  1.5% 226 i  24% 3.6 i  56%
C l8  purification Tips 1465 D a i  0.4% 316 i  23% 1.7 i  17%
d(TACTG) Mass3 Resolution*3 Signal-to-Noise Ratio0
Unsalted control 1465 i  1.1% 446 i  34% 1 .8  i  1 1 %
(calc. Mr = 1477.0 Da)
Salted with sodium acetate 1478 i  0.1% 291 i  2 2 % 1.7 i  17%
Cation-exchange resin 1492 i  0.9% 258 i  5.4% 2.7 i  37%
beads
100 mM ammonium acetate 1489 i  0.5% 336 i  16% 1.7 i  6 %
10 mM ammonium acetate 1490 i  0.1% 293 i  5.5% 1.5 i  8 %
C l8  purification tips 1480 i  0.1% 465 i  22% 1 .6  i  62%
a Reported as the average and standard deviation o f multiple measurements o f the most 
abundant ion in the mass spectrum. ** Resolution was calculated using Res = m/Am, 
where m is the mass of the ion and Am is the peak width at half-height. c Signal-to- 
noise ratio was calculated using GRAMS software included with the instrument.
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Table 8 . 2  Comparative results from the analysis of (IT3 6  which was purposely 
contaminated with sodium acetate. The unsalted control provides a baseline to which 
the effectiveness of the various sample desalting approaches can be prepared. C^g
purification tips appear to be the most effective approach at sample desalting. The 
reported values are the mean and standard deviations resulting from the averaging of 
multiple measurements from separate spots of a single sample and from analysis of 
multiple samples.
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dT36 Massa Resolution*5 Signal-to-Noise
Ratioc
Unsalted control 10874 ±0.3% 323 ±49% 18.2 ±26%
(calc. Mr = 10888 Da)
Salted with sodium acetate 10929 ±  0.5% 381 ±65% 12.7 ±29%
Cation-exchange resin beads 10889 ±  0.5% 705 ±  77% 8.3 ± 73%
1 M ammonium acetate 10880 ±0.7% 252 ±  28% 9.6 ±11%
100 mM ammonium acetate 10940 ±  0.3% 159 ±  14% 14.1 ± 19%
10 mM ammonium acetate 10983 ±0.5% 143 ±38% 15.6 ±45%
C l 8  purification tips 10861 ± 0.3% 251 ±  1 .6 % 12.6 ±64%
1,800 MWCO polyacrylamide 10986 ±0.6% 125 ±  27% 20.0 ± 55%
column
5,000 MWCO dextran column 10913 ±0.3% 2 2 2 ± 18% 11.4 ±61%
6,000 MWCO polyacrylamide 10971 ±0.2% 159 ±25% 18.3 ±82%
column
Triethylamine co-matrix 10963 ±  0.2% 131 ±54% 34.0 ± 26%
Imidazole co-matrix 10923 ±  0.2% 87 ±  1.8% 16.3 ±1.8%
a Reported as the average and standard deviation of multiple measurements of the most 
abundant ion in the mass spectrum. ^ Resolution was calculated using Res = m/Am, 
where m is the mass o f the ion and Am is the peak width a t half-height. c Signal-to- 
noise ratio was calculated using GRAMS software included w ith the instrument.
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T able 8.3. Comparative results from the analysis o f  a mixed-base 38-mer which was 
purposely contaminated with sodium acetate. The unsalted control provides a baseline 
to which the effectiveness of the various sample desalting approaches can be prepared. 
For the mixed-base 38-mer, no method appears to be dramatically more effective at 
sample purification than any other, although minidialysis and desalting columns 
generally yielded the most abundant molecular ions at the highest resolution (see text). 
The reported values are the mean and standard deviations resulting from the averaging 
o f  multiple measurements from separate spots of a single sample and from analysis of 
multiple samples.
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Mixed-base 38-mer Massa Resolution^ Signal-to-Noise
Ratioc
Unsalted control 11764 ± 1.0% 153 ±56% 15.6 ±49%
(calc. Mr = 11618 Da)
Salted with sodium acetate 11993 ± 1.1% 428 ±  89% 14.4 ±  25%
Cation-exchange resin beads 11516 ±0.6% 64 ±  17% 19.0 ±  32%
100 mM ammonium acetate 11528 ±0.5% 74 ±  20% 16.5 ±9.1%
10 mM ammonium acetate 11667 ±0.6% 198 ±  75% 15.8 ±  71%
1,800 MWCO polyacrylamide 11584 ±0.3% 424 ±  6 8 % 14.7 ±  7 4 0 /0
column
5,000 MWCO dextran column 11640 ±0.5% 439 ±  78% 9.9 ±  59%
6,000 MWCO polyacrylamide 11636 ±0.3% 140 ±36% 13.4 ±90%
column
3,500 MWCO minidialysisd 11596 ±0.1% 151 ±56% 14.1 ±  13%
Anion-exchange HPLC 11507 ±0.5% 42 ±  36% 55 ± 80%
a Reported as the average and standard deviation o f multiple measurements of the most 
abundant ion in the mass spectrum, b Resolution was calculated using Res = m/Am, 
where m is the mass o f the ion and Am is the peak width at half-height. c Signal-to- 
noise ratio was calculated using GRAMS software included with the instrument. ^ 200 
mM ammonium bicarbonate buffer used.
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mass spectrum. The average mass value is used to determine whether the sample 
purification method is effective at reducing adducts present in the original salted 
sample. As the salt adducts can be resolved using our linear instrument for dT5  and 
d(TACTG), the resolution for these two analytes is used to determine whether the 
sample purification method had any effect on the sample analysis. As the salt adducts 
cannot be resolved using our linear instrument for and the mixed-base 38-mer, the
resolution for these two analytes will also be a measure of the effectiveness of the 
sample purification method at reducing the salt adducts. Although MALDI-MS is 
sensitive to sample crystallization conditions [3], no attempts to normalize for 
differences in sample crystallization were performed in these studies. Our rationale for 
this approach was to examine the utility of these different sample desalting techniques 
under standard experimental conditions and to evaluate each method without resorting 
to additional, non-standard sample spotting protocols. It should be noted that some of 
the following sample purification approaches may be improved if optimization of the 
sample crystallization is performed prior to MALDI-MS analysis.
The signal-to-noise ratios are presented as a guide to the level and reproducibility of 
the analyte signal strength for each of the sample purification methods tested. To gauge 
sample loss during the purification procedures, a fixed, constant amount of 
oligonucleotide was subjected to a particular desalting approach and then the volume of 
the resulting desalted sample was adjusted, if necessary, to  generate a desalted sample 
solution of the same volume as that prior to the desalting step. Thus, if sample losses 
are severe, the resulting solution would be of a lower concentration than the solution 
prior to desalting, and if sample losses are minimal, the resulting solution would be of 
comparable concentration to that prior to desalting. In this manner, a greatly reduced
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signal (or signal-to-noise ratio) relative to the control salted sample would be indicative 
of severe sample losses.
8.3.1 dTs and d(TACTG)
Due to the lower molecular weight of dT5  and d(TACTG), fewer sample 
purification methods are suitable for use for these two analytes. Figure 8.1 is the 
MALDI results from d(TACTG) analyzed in the THAP matrix. The unsalted control 
can be seen in Figure 8.1a while the salted oligonucleotide is seen in Figure 8.1b. The 
presence of sodium results in the generation of multiple sodium adduct peaks for the 
salted sample (Figure 8.1b). Similar results were obtained for the dTs sample. THAP 
was found to be the most effective matrix for these lower molecular weight 
oligonucleotides and was the only matrix utilized for these two analytes in this study.
The following sample purification methods were tested with dTs and d(TACTG): 
cation-exchange resin beads, ammonium acetate co-matrix, anion-exchange HPLC and 
C i 8  purification tips (Table 8.1). Each of these approaches was effective at reducing 
the cation adducts present in the salted sample. In general, no one method was found to 
reproducibly generate high quality mass spectral results from any location on the 
sample spot. Some methods, such as the cation-exchange resin beads, yielded results 
which were highly variable, while other methods, such as the C f 8  purification tips, 
yielded more reproducible results.
As an example of the variability of results found during this study, Figure 8.2 is the 
MALDI mass spectra obtained using cation-exchange resin beads to desalt dTs (Figure 
8.2a) and d(TACTG) (Figure 8.2b). The data shown here are representative of the types 
of mass spectral data one obtains using cation-exchange resin beads. Figure 8.2a is an
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Figure 8.1. MALDI mass spectra o f d(TACTG) analyzed using THAP as the matrix,
a) d(TACTG) analyzed after synthesis and initial purification. Data acquired at this step 
was used to generate a baseline, unsalted control sample, b) d(TACTG) analyzed after 
addition o f sodium acetate to generate a  purposely contaminated oligonucleotide 
sample. The goal of this work was to evaluate the effectiveness of various sample 
desalting approaches at converting the oligonucleotide detected in (b) back to the 
oligonucleotide detected in (a).
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Figure 8.2. MALDI mass spectra of a) dT5 and b) d(TACTG) using THAP as the 
matrix. Cation-exchange resin beads have been added to the salted sample in each 
case prior to analysis. dTs is a representative mass spectrum o f the poorer quality 
results found when using cation-exchange resin beads, while that for d(TACTG) 
represents the type of results found when cation-exchange resin beads were effective. 
In general, the effectiveness o f cation-exchange resin beads was highly variable for 
the lower molecular weight oligonucleotides.
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example of a situation where the mass spectrum is of poor quality due to the remaining 
presence of the cation adducts and the poor signal-to-noise ratio of the analyte. Figure 
8 .2 b is an example of a situation where higher quality data are obtained using this 
sample purification approach. Possible problems with the resin beads lie within sample 
preparation. Addition of too few resin beads resulted in no improvement to spectra 
while addition of too many resin beads led to poor sample crystal formation, which also 
gave poor results.
The addition o f ammonium acetate as a co-matrix generally resulted in more 
reproducible and higher quality results than the cation-exchange resin beads. Several 
different concentrations of ammonium acetate co-matrix were investigated, and it was 
found that no dramatic difference in the quality of mass spectral data was seen with 
varying co-matrix concentration.
Anion-exchange HPLC, although also effective at reducing cation adducts, was 
significantly more time-consuming than the other three approaches. The other 
approaches, cation-exchange resin beads, co-matrices and C i 8  purification tips, do not 
require additional hardware for their use, are all rapid and do not require additional 
sample handling after purification. In contrast, anion-exchange HPLC requires 
additional hardware, requires at least 1 hr for purification and requires that the purified 
sample be re-concentrated prior to analysis. In addition, as will be discussed for the 
mixed-base 38-mer below, anion-exchange HPLC results in significant peak broadening 
during MALDI-MS analysis. The most effective approach for desalting lower mass 
oligonucleotides was the use of C i8  purification tips. An example of the variability of 
results found for the purification tips is shown in Figure 8.3. Figure 8.3a is the 
application of purification tips to dT5 , and this figure is presented as an example of poor
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Figure 8.3. MALDI mass spectra o f a) dT5 and b) d(TACTG) using THAP as the 
matrix. The purposely contaminated analytes were purified using Cl8 
purification tips in each case. Unlike the cation-exchange resin beads (Figure 8.2), 
C l8 purification tips yield more reproducible results for the low mass 
oligonucleotides. Cl 8 purification tips were found to be the most effective sample 
desalting method for these two analytes o f the different approaches compared in 
this study.
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mass spectral results using this approach. As can be seen in Figure 8.3a, a low signal 
response (i.e., low signal-to-noise) was occasionally found using the purification tips. 
However, as can be seen in this figure and in Figure 8.3b, C i8 purification tips were 
extremely effective at removing cation adducts from the mass spectrum and also yielded 
molecular ion peak widths as good as or better than the original unsalted control 
sample. Purification tips are easy and rapid to use, and the sample can be spotted 
directly onto the sample plate or mixed with the matrix prior to purification if desired.
8.3.2 dT36 and Mixed-Base 38-mer
The analytes dT3 6  and a  mixed-base 38-mer were chosen to evaluate sample 
purification methods for higher mass oligonucleotides. The higher mass of these 
oligonucleotides allows for the evaluation of more sample purification methods than 
could be evaluated for the 5-mers dTs and d(TACTG). As the resolution of the 
continous extraction linear TOF used in these studies does not permit the salt adducts of 
the higher mass samples to be resolved, broad, high mass tailing peaks with low 
abundance are more characteristic of a salty oligonucleotide (Figure 8.4). 3-HPA was 
utilized as the matrix for the mixed-base 38-mer, and THAP was utilized as the matrix 
for T3 6  during these studies.
The following purification methods were tested with dT36 and the mixed-base 38- 
mer: cation-exchange resin beads, co-matrices, C[8 purification tips, desalting columns, 
minidialysis cartridges and anion-exchange HPLC (Tables 8.2 and 8.3, respectively). 
Unlike the situation for the lower mass analytes, not all of the methods investigated 
were effective at reducing or removing cation adducts for the higher mass analytes.
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Figure 8.4. a) MALDI mass spectra of a mixed-base 38-mer using 3-HPA as the matrix 
after synthesis and initial purification. Data acquired in this step was used to generate a 
baseline, unsalted control sample, b) The same 38-mer as in (a) analyzed after addition of 
sodium acetate to generate a purposely contaminated oligonucleotide sample. The goal of 
this work was to evaluate the effectiveness of various sample desalting approaches at 
converting the oligonucleotide detected in (b) back to the oligonucleotide detected in (a).
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Furthermore, the broad, unresolved molecular ion and salt adducts made evaluation of 
the effectiveness of the various methods more problematic than for the lower mass 
analytes. However, based on a comparison of the results obtained from investigating 
the variety of sample purification methods, several approaches appear to be more 
effective than others at sample purification.
The least effective approach at sample desalting was the use o f co-matrices. 
Limited reduction of salt adducts, as determined by the high average mass values 
detected, and broader molecular ion peaks, as determined by the resolution values 
obtained, were the invariable results found using any of the co-matrices tested 
(ammonium acetate, triethylamine or imidazole).
Mixed results were seen for the cation-exchange resin beads and the C i8 
purification tips. Although the cation-exchange resin beads and purification tips were 
generally effective for dT3 6 , nucleobase loss from the mixed-base analyte typically 
resulted in average mass values less than expected for the intact molecular ion and a 
broadening of the molecular ion peak for these approaches. In addition, the sample 
recovery was limited from the C(8 purification tips, and modification to the 
washing/elution protocol may be necessary to ensure that these higher mass 
oligonucleotides do not remain bound to the C i8  resin.
Representative results from the other three methods investigated are presented in 
Figure 8.5. Figure 8.5a is a representative MALDI mass spectrum arising from the 
analysis of the mixed-base 38-mer after sample purification using a 5,000 MWCO 
oligonucleotide desalting column. The desalting columns yielded the highest 
resolutions at high signal-to-noise ratios of all of the approaches investigated for the 
higher mass analytes. However, as is evident in Figure 8.5a, the background contains a
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Figure 8.5. MALDI mass spectra o f a mixed-base 38-mer using 3-HP A as the 
matrix with a) application o f the 5,000 MWCO dextran desalting column, b) 
application of 10,000 MWCO minidialysis using 200 mM ammonium bicarbonate 
buffer and c) application o f anion-exchange HPLC purification. Although all three 
methods improve the general quality of the mass spectral data by reducing the salt 
adducts, the dextran desalting column has a significantly higher background than the other 
two approaches. Minidialysis appears to be the best combination o f salt reduction, 
high ion abundance, high resolution and reduced background contaminants.
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number of additional peaks when this sample purification method was utilized. The 
dextran-containing column yielded the lowest background while the two 
polyacrylamide columns both exhibited significant background ions after use. 
Presumably the background is due to bleeding of the desalting column material into the 
sample mixture. In addition, sample purification using desalting columns is 
significantly longer than the cation-exchange resin beads or C i8  purification tips, 
requiring up to several hours for the 1,800 MWCO polyacrylamide gel. However, 
compared to the minidialysis and HPLC, the sample purification time was not 
inordinately longer using the desalting columns.
Minidialysis using a variety of MWCO membranes and buffers also yielded 
reproducibly abundant molecular ion signals with improved resolution. The advantage 
of the minidialysis approach to the desalting columns is the absence of abundamt 
background ions in the resulting mass spectrum. The disadvantage of this methodology 
is the longer purification time (4 hours) compared to the other purification methods. It 
is expected that flowing microdialysis [4, 5] should yield comparable results with a 
greatly reduced purification time.
Anion-exchange HPLC consistently yielded mass spectral data with the lowest 
background signal of all of the methods investigated (Figure 8.5c). However, the 
resolution obtained using HPLC is much lower than those of the other samp-le 
purification methods tested, and, as mentioned earlier, HPLC is time-consuming and 
requires additional hardware.
8.4 Conclusions
A variety of sample purification methods have been compared to investigate which 
approach is the most effective at reducing or eliminating cation adducts from the
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MALDI mass spectral data of low and moderate molecular weight oligonucleotides. 
The sample purification methods investigated included cation-exchange resin beads, co­
matrices, C i 8  purification tips, desalting columns, minidialysis and anion-exchange 
HPLC. Most of the desalting methods are effective to some degree, with some methods 
having greater applicability to a specific range of oligonucleotide molecular weights. 
When choosing an appropriate desalting method for oligonucleotides, it is important to 
consider several factors. Such factors include the reproducibility of the given method, 
its ease in application, the time restraints the application may require, the size and 
stability of the oligonucleotide to be analyzed, and the sample recovery after application 
of the desalting technique.
C i 8  purification tips appear to be the best approach to sample purification for low 
molecular weight oligonucleotides, as well as for the higher mass dT36 analyte studied. 
Poor recoveries were found when using the C i 8  purification tips and the mixed-base 
38-mer which may be attributed to the oligonucleotide remaining bound to the C i8  
resin under the elution conditions utilized in this work. If higher recoveries of mixed- 
base high molecular weight oligonucleotides can be achieved, e.g., by use of C4  or ion- 
exchange resins, purification tips would appear to be the most effective sample 
purification approach for oligonucleotides, in general, of all studied.
Cation-exchange resin beads remain an effective approach for desalting lower 
molecular weight oligonucleotides, although the results are more variable with this 
approach than with the C i 8  purification tips. Minidialysis, although extremely time- 
consuming, is an effective purification approach for higher molecular weight 
oligonucleotides with a reduced background as compared to the oligonucleotide
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desalting columns. In addition, a combination of sample purification approaches (e.g., 
ethanol precipitation followed by cleanup with C i8  purification tips or C f8  purification 
tips used with co-matrices) may yield improved results for particular samples.
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9. APPLICATIONS OF SAMPLE PREPARATORY METHODS FOR 
IMPROVED MATRIX-ASSISTED LASER DESORPTION/IONIZATION
(MALDI-MS) OF LARGER AND 
PHOSPHOROTHIOATE OLIGONUCLEOTIDES
9.1 Introduction
MALDI has been one of the premier mass spectrometry ionization techniques used 
in the analysis of large biomolecules with masses upwards of 1 million Da. [1-4]. This 
method of ionization has proven more difficult for oligonculeotides than peptides. This 
problem is a result of the low gas-phase ion stability and the problem of high salt 
content of the oligonucleotides. Extensive fragmentation is a result of nucleobase 
hydrolysis and backbone strand scission. The problem of salt adduction is more 
prominent with large oligonucleotides extracted from biological systems and signal is 
often difficult to obtain as a result.
The goal of the work in this chapter was to utilize the knowledge gained from the 
experiments conducted in Chapters 4-6 and 8  to determine optimal sample preparation 
methods for improved MALDI-MS of larger and difficult to characterize 
oligonucleotides. The methods discussed include application of organic bases as co­
matrices and the use of alternative matrix solvent systems for matrix preparation. 
Previous results have shown that the ion-molecule reactions in the source region may be 
affected by altering the sample components. These results created an interest in 
viewing the effects of matrix solvent on oligonucleotide behavior.
Results in this chapter show that co-matrix use is applicable to both high molecular 
weight as well as low molecular weight oligonucleotides. Increased resolution and 
mass accuracy is seen. Results also show that varying the solvent used for matrix 
preparation can also improve resolution and give better quality spectra.
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9.2 Experimental
9.2.1 Oligonucleotides
The analytes used in this study were obtained in various manners. All analytes were 
prepared at a concentration of 100DM in nanopure water. The mixed-base 20-mer was 
synthesized using standard phophoroamidite chemistry on an Applied Biosystems 
DNA/RNA synthesizer. Post-synthesis, OPC purification was executed on the sample 
to remove any failure sequences as well as any salts that may have been present. The 
phosphorothioate samples were obtained from ISIS Pharmaceuticals (Carlsbad, CA). 
The mixed-base 38-mer was synthesized at the LSU GeneLabs and OPC purified upon 
request. No further purification was done to the sample. The transfer RNA (tRNA) 
sample was obtained from Sigma (St. Louis, MO). Purification by ethanol precipitation 
of the sample was done prior to preparation at the experimental concentration[5].
9.2.2 M atrix  Preparation
Chemicals 3-HPA, picolinic acid (PA) and ammonium citrate were all purchased from 
Fluka (Milwaukee, WI). Isopropanol and triethylamine were purchased from 
Mallinckrodt (Paris, KY). l,l,l,3,3,3-hexafluoro-2-propanol (HFIP) and ATT were 
purchased from Aldrich (Milwaukee, WI). Methanol and acetonitrile were purchased 
from Fisher (Fair Lawn, NJ), Tris was purchased from Life Technologies (Grand Island, 
NY) and EDTA purchased from Amresco (Solon, OH).
3-HPA matrix was prepared was used for the larger oligonucleotides and the 
phosphorothioate samples. The matrix was prepared at a concentration of 360 mM in 
the following solvents: water; 30% acetonitrile; 30% methanol; 30% isopropanol; 30% 
HFIP; 10 mM Tris/1 mM EDTA in 10% acetonitrile (pH 8.7); 100 mM triethylamine in 
25% acetonitrile (pH 8.7). In some instances PA was used in addition to citrate as
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additives to 3-HPA. PA was prepared in the same solvent systems as the 3-HPA, 
specific to each experiment, but the concentration of PA was at 3 mM.
9 .23  Sample Preparation
Experiments using the organic base solutions were prepared at 3:3:1 (v:v:v) ratio of 
matrix:co-matrix:analyte. Experiments using alternative matrix solvents were prepared 
1:1 (v:v) as sample spots. A  comparison of spotting technique was done where matrix 
and analyte were co-spotted, matrix spotted and allowed to dry with spotting of the 
sample on the dried crystals and analyte spotted, allowed to dry and spotting of the 
matrix on the dried crystals. It was found that spotting the matrix separately from the 
analyte gave better results than co-spotting, so separate spotting was used for the 
experiments involving matrix solvent effects.
9.3 Results and Discussion
9.3.1 Applications of Organic Bases
The use of organic base co-matrices for low molecular weight oligonucleotides was 
discussed in Chapters 4 and 5 [6 , 7]. Effective salt reduction was seen for smaller 
oligonucleotides. Figure 9 .1  shows the application of organic bases for desalting of a 
phosphorothioate oligonucleotide. Figure 9.1a shows typical results obtained with 
conventional sample preparation of oligonucleotides. Figure 9.1b shows the results 
obtained after addition of imidazole as a co-matrix. A dramatic reduction in salt content 
can be seen in Figure 9.1b. Figure 9.2 shows the application of imidazole as a co­
matrix for the much larger tRNA sample. The signal abundance is improved after 
application of the co-matrix. Even after ethanol precipitation, MALDI results seen in 
Figure 9.2a with conventional sample preparatory methods still gives poor spectra. The 
broad peak observed reflects the amount of salt content in the sample. The obtained
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Figure 9.1 MALDI-TOFMS of
5’- d(GsCsCsCsAsAsGsCsTsGsGsCsAsTsCsCsGsTsCsA)-3’ in 
3-HPA matrix a) with no addition of a co-matrix and b) with addition of 
imidazole as the co-matrix.
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Figure 9.2 MALDI-MS o f tRNA in 3-HPA nnatrix with a) no addition of 
co-matrix and b) addition o f imidazole as co-matrix_ Signal for E. coli 5S 
rRNA is obtained in c) with addition o f the co-matri_x (imidazole). No 
co-matrix addition yields no detectable signal o f the rRNA.
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mass from this spectrum was 25006.3 Da +/- .01. The mass obtained with from Figure 
9.2b was 24702.5 Da +/- .001. The calculated mass of the sample was 24681 Da. 
Application of the co-matrix reduced the salt content down to one sodium. Application 
of imidazole allows for a detectable signal for E. coli 5S ribosomal RNA (rRNA) as 
seen in Figure 9.2c, whereas analyzing the sample without addition o f co-matrix gave 
no signal at all.
Mixed-base sequences are more susceptible to fragmentation than homopolymer 
samples, particularly if the sequence contains a high number of A and G residues. It 
was shown that ion stability was increased in co-matrix presence for the 1 0 -mer 
homopolymers. Figure 9.3 shows the effects of application of imidazole as a co-matrix 
on a mixed-base 20-mer. Figure 9.3a shows extensive lower mass fragmentation and a 
low signal abundance for the molecular ion. Addition of imidazole shown in Figure 
9.3b significantly reduces fragmentation and improves the ion abundance of the parent 
molecular ion.
9.3.2 Application of Alternative Solvents for Matrix Preparation
Observing the effects o f co-matrix addition on spectral results prompted the 
investigation of alternative solvents for matrix preparation. As stated oftentimes before, 
good sample preparation is necessary for successful MALDI analysis. The choice of 
matrix can greatly affect the results one obtains [8 ], but several recipes exist for 
preparation of the matrix. An extensive look at various solvents was done using 3- 
HPA, a commonly used matrix for analysis of larger oligonucleotides[9, 10]. Figure 9.4 
shows the effects of various solvents on a 2 0 -mer phosphorothioate oligonucleotide. 
Matrix preparation in methanol gives a relatively abundant signal with some breadth to 
the peak. Preparation of the matrix in 30% acetonitrile shows an increase in resolution
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Figure 9.3 MALDI-TOFMS of 5’- GCCCAAGCTGGCATCCGTCA-3’ 
in ATT matrix a) with no addition of co-matrix and b) with addition of 
imidazole as co-matrix.
















Figure 9.4 Linear MALDI-TOF mass spectra of 
5'-GsCsCsCsAsAsGsCsTsGsGsCsAsTsCsCsGsTsCsA-3'. This figure 
demonstrates the effects of varying the solvent system for matrix preparation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
with not much change in ion abundance. 30% isopropanol gives relatively similar 
resolution to acetonitrile, but the ion abundance is slightly greater. 30% HFIP as a 
solvent shows much greater resolution than any of the other solvents. Fragment peaks 
can now be resolved with HFIP as the solvent. HFIP is commonly used in HPLC 
purification of phosphorothioate oligonucleotides. HFIP reduces aggregation of the 
sample during chromatography, and it is presumed to do the same in solution-phase of 
MALDI preparation.
Other HPLC solvents were used as potential matrix solvents. Figure 9.5 shows the 
effects o f matrix preparation in a Tris/EDTA buffer[l 1]. PA and citrate were used with 
3-HPA for preparation of the matrix. Use of PA is also common for large 
oligonucleotide analysis. Resolution and ion abundance was greater when the 
Tris/EDTA solvent was employed versus preparation in water. EDTA is a known
chelator o f divalent cations, Mg+2, etc. Common salt problems reported have involved 
alkali metal cations. It is believed that the chelator is still effective at binding of some 
of these salts.
Triethylamine is a common buffer additive for HPLC purification of phosphodiester 
oligonucleotides. Figure 9.6 shows the effect of using an 0.1 M triethylamine in 25% 
acetonitrile solvent for matrix preparation. As with addition of organic bases as co­
matrices, the triethylamine effectively reduces the salt content of the mixed-base 38- 
mer. Increased resolution is seen with alternative solvent (Figure 9.6b).
9.4 Conclusions
Overall, results have shown that addition of matrix additives, particularly organic 
base solutions with high proton affinity, does improve spectral quality of 
oligonucleotides. A significant reduction in the salt content was seen which indicated
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Figure 9.5 DE-MALDI-TOF mass spectra of
5'-GsCsCsCsAsAsGsCsTsGsGsCsAsTsCsCsGsTsCsA-3' in 3-HPA 
prepared in a) water and b) 10 mM Tris /I mM EDTA in 10% 
acetonitrile buffer.
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Figure 9.6 DE-MALDI-TOF mass spectra of 
5'-TATCGATAGGTCAGCTTCTATCGATCTAACTGCATGTC-3'. 
Higher molecular weight samples show increased resolution using the 
buffer solvent system for the matrix (b) instead of water (a).
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improved resolution and in turn higher mass accuracy. Higher signal abundance was 
also obtained in presence of these co-matrices.
More importandy, increased ion stability was obtained for the oligonucleotide 
samples. It was demonstrated that ion-molecule reactions occurring in the source 
region can be controlled by altering the sample preparation method. Investigations into 
alternative solvents for matrix preparation have given insight on the importance of 
solvent choice in addition to matrix choice for successful MALDI results. This further 
illustrates the importance o f sample preparation technique when executing MALDI 
analysis.
9.5 Future W ork
Applications of various sample preparatory methods provides alternatives for 
improved MALDI analysis o f oligonucleotides. Characterization of oligonucleotides by 
MALDI has always been difficult, relative to protein and peptide analysis. While some 
matrices have shown to improve results, altering matrix additives and solvents have 
given some insight to ion-molecule reactions that occur, an area which are still needs to 
be explored.
Considerations for future work would include applications of the organic base 
solutions and polyamines (such as spermine and spermidine) on larger oligonucleotides 
(>30,000 Da) with high salt content. Adequate sample amounts are necessary since 
multiple purification methods would be necessary and some sample loss can occur with 
each purification step. Further investigations of co-matrix that interact via the 
nucleobase is also necessary.
Another area of interest would be to investigate UV absorbing basic compounds or 
UV absorbing compounds with multiple amine functional groups as possible matrices.
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The basic nature would assist in keeping the oligonucleotides negatively charged, and 
reduce cation adduction and protonation on the backbone if the matrices interacted with 
the oligonucleotide very much the same way the co-matrices did.
Not much success has been achieved with use of crown ethers or proton sponges 
due to poor crystallization. However, if the crystals can possibly be grown slowly, 
perhaps these compounds would prove to be more effective.
Modifications to the sample plate surfaces have also been explored, morso for 
proteins and peptides than oligonucleotides. A final idea for purification would be to 
have a MALDI plate modified with "anchors". These molecules would adhere to the 
surface of the sample plate and extend upwards. An oligonucleotide deposited on the 
plate would interact with the anchor and remain on the plate during washing (to remove 
salts). After washing, the matrix would then be spotted onto the plate and MALDI 
analysis carried out. Since loss of the anchors from the plate may occur during ablation 
by the laser, ideal candidates for the anchors would be molecules that would easily 
dissociate from the oligoncleotide backbone or nucleobases, depending on the type of 
interaction.
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